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Characteristics of an Image-Forming System 
Roland V. Shack 


Two general approaches to the analysis of an image-forming system are considered, 
One depends on the image of a point object and the other on the Fourier transform of this 
image, The two are developed independently and then coordinated, a practical character- 
istic function being determined for each approach. The relative merits of the two approaches 
are considered 


1. Introduction 


For the past few vears considerable energy has been expended tn the search for an objective 
: | 


procedure for evaluating the quality of images formed by optical instruments. Existing pro- 


cedures have been found to be not entirely satisfactory, and much work has been done in 
measuring previously unused physical parameters, which are objectively determinable, for the 
purpose of correlating them with the existing quality criteria. 

The objection to this is that such an empirical, and therefore much limited, correlation 
eliminates only one of the faults of the existing criteria, and this is the subjectivity of their 
determination. Any other weakness is ignored. 

\ better approach is to analyze the image-forming process as a phenomenon, the aim being 
to characterize the process in as general and inclusive a way as possible, consistent with practical 
instrumentation. New eriterta of image quality would of course be expected to be developed. 
Many approaches have been made in this direction also, and the present paper is to be included 
among them.  Hlowever, in contrast to some of the published material, the emphasis here is on 
the practicality and usefulness of the results obtained rather than on mathematical rigor, al- 
though the treatment should be rigorous enough to include all essential factors. 

Let us consider this matter of practical instrumentation. The heart of the test instrument 
is the photosensitive detector, for it ts this which provides the data by which the tested instru- 
ment ws evaluated. Three practical photosensitive detectors are available—the eve, the 
photographie emulsion, and the photocell 

The only test of image qualitw for which the eve is capable of making quantitative measure- 
ments is the resolving-power test. This test is rapid and relatively inexpensive, but the in- 
formation obtained ts incomplete, the precision is low, and the results are subject to variation 
from individual to individual. 

A photographic detector allows quantitative measurements to be made under nonthreshold 
conditions, but time is required for processing, the processing conditions must be rigidly stand- 
ardized, the granularity and diffusion in the emulsion affeet the results, the response of the 
film is nonlinear with respect to incident flux, and, in the end, an additional sensing mechanism, 
such as a microdensttometer, ts needed to reduce the emulsion properties to numerical values, 

The photocell is probably the most satisfactory photosensit've detector for the test in- 
strument. Within jts proper operating range, its characteristics remain reasonably constant, 
Its response is linear with respect to incident Mux, its spectral response can be adjusted so as LO 
approximate that of the eve, and its output can very easily produce graphical or numerical 
results. However, it must be used in conjunction with an aperture that limits the spatial 
integration of the detail in the image being examined, and there must be provision for relative 
displacement between the aperture and the image so that various portions of the image may be 
sampled. 

It should also be pointed out that the report is illustrated throughout by the characteristics 
of an aberration-free system with a circular aperture in monochromatic light, diffraction being 
the sole source of image degradation, and the light from various points in the object space 
being noncoherent. This has been selected as an interesting and informative type of system, 
which real systems tend to approximate as their quality improves. It must be emphasized, 
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however, that this is used for illustration only. ‘The material covered applies to all types of 
images, assuming noncoherence 

There are two viewpoints from which image evaluation can be approached. One, the clas- 
sical viewpoint, considers the point image to be the most fundamental element in an image 
process. Any object can be regarded as a summation of points, and its image as the summation 
of the corresponding point images. An evaluation of the point image would be suflicient 
to characterize the system 

The other viewpoint involves the concepts of Fourier analysis. Here the object is con- 
sidered to be the summation of a set of sinusoidal waves distributed in the object plane. These 
component waves, differing from each other in amplitude, frequency, phase, and direction, are 
spatially distributed waves. ‘That is, they are spatial, not temporal, sinusoidal variations in 
brightness throughout the object plane. ‘The image consists of the summation of the tmages 
of these component waves. <A description of the manner in which the optical system forms 
images of these component waves would also be sufficient to characterize the system 

In section 2 a With of deseribing the point image ts developed, Which can be obtained, at least 
in principle, from a variety of test objects, namely, a point, a fine line, a variable slit, and a 
knife edge. Data from any or all of these objects can be represented by a single common 
curve, Which can be interpreted in terms of any of the objects 

Section 3 deals with the Fourier type of approach. An imaging system does not affect the 
frequency, direction, or sinusoidal character of the component waves It can only affect their 
amplitudes and phase relationships. The function that describes these modifications as a 
function of the frequency and direction of the component waves is also characteristic of the 
imaging system. The test object required to obtain this information consists of a series of 
patterns in which the luminance varies sinusoidally, each pattern having a different spatial 
frequency and all oriented in the same direction. The directional variation can be obtained by 
rotating the test object with respect to the system bemeg tested 

Section 4 is concerned with the coordination between the two viewpoints. [tis shown that 
it is possible to obtain from either approach the characteristics for a periodic test object consist- 
ing of alternate dark and light stripes of equal width, such as is commonly used in resolving- 
power work. It is also shown that it is possible to transform the characteristics of either 
approach into those of the othe: 

Section 5 discusses the application lo practice, the Interpretation of the results and the 


relative merits of the two approaches 


The appendix vives the mathematical formulation of the diffraction ynaves used as 
illustrations 

In the following mathematical statements, constant coefficients are ignored in the integra- 
tions unless otherwise indicated. The functions are assumed to be normalized after integration 


Also, the object-plane coordinates are reduced to the luge plane by app! eation Ol the magni- 
fication 


2. Evaluation of the Point Image 


2.1. General Image Formation with the Point Image 


The point Image ts Ul {| ix-density distribution in ti mage plane whet! Lyae Obj I i 
po nt source fies. . - A creryye ral object can be considered to cor st ol a Wnmatio! of 
points, and its image the summation of the corresponding point Images 

Let O 7 general object Punetioy 

yg 7 point image lunet 
ry general image function 
Then 
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ntinue indefinitely, whereas only the first bright ring | | 
vn completely 


The primed variables represent the displacement between the O and g functions required 
for the mtegration. For each displacement, the integral, being a definite integral, establishes 
a specific value for 7. The image function, 7, then, is a function of the displacement involved 
in the integration. The space described by 2’,y’, however, is the same as that deseribed by 
ry. Oand J can be compared point for point 

The integration can also be written in such a form that the object funetion ts the displaced 


function, that os 


La’, y') g(r, ya’ —s, y’—y)dady (2) 
‘ ‘ 
Kither of these forms is perfectly valid, and either may be transformed into the other, 
provided one recognizes that z,y in eq (1) is net the same as z,y in eq (2). To distinguish them, 
one might use subseripts on the symbols, but this would make the equations more confusing, 
and is not necessary i one understands the situation 
The image funetion is to be sampled with a space-integrating detector in the image plane, 


that is, a photocell behind an aperture 


Let A(r,y) detector aperture transmission function, 
keir,y) total flux passing through A as a function of the position of A, 


The 
I: io a / ry) AC” r’, y" y da’ dy’. (3) 

Combining this with eq (2) we obtain 
E(2’’, y”’ ols, yO’ — ar, yp Ate 2", — yy drdydaz' dy’. (4) 
Krom this it can be seen) Chiat the funetional characteristics of i) and A can be interchanged 
without affeeting the measured thux, /. For example, suppose the object were a point source 
and the aperture a cireular hole centered on the point image. The output from the photocell 
will indicate amount of flux passing through the hole. Then interchange the objeet and aper 
ture Now the object is a uniformly luminous disk with a reduced diameter equal to that of 


the previous aperture and the new aperture is a minute hole equal in size to the reduced 
geometric size of the previous point source. The output from the photocell will be the same 


iis before 


247 























1.0 7" 
< H \ > S 
~ 1 A i < 
/ \ z 

. 5 0.5 
WwW 
Zz f 
i < 
= 
4 ‘ z 
Oo 
rs) 
Ole i i —= 
| '@) 1 2 3 a $ 6 7 


RADIUS OF CIRCULAR REGION re 
Fiaure 3 Point-image evaluation 


Hopl ins’ method, FIGURE 4, Radial flux distribution of point image 
! olid represents the portion of the total flux that his curve shows the normalized volume of the solid 
through the circular aperture is a function of the radius of the limiting cylinder 


Mathematically, and in a more general sense, this situation ts as follows 
If VU is a point source, then 


ke ae oe A - v)| gir, y ) r’ ry’ Y daly | dad 


re r’,y’ A yr’! r’.y”’ y’ da'dy’, 


~ 
« . 


and the flux detected depends on the nature of <1. 
On the other hand, if 1 is a point aperture, then 


hk ie gil, | War’ ry’ Y A y Tra y’ da'dy |daiy 
g rey () ” ry’ Y dady, 


which is identical in form with eq (5), except that .1 1s replaced by 0. If 0 in eg (6) had the 


same functional characteristics as .1 in eq (5), then they would be mathematically indistin- 


cuishable, and the same / will be obtained from either Also note that eq (6) has the same 
form as eq (2 As one would expect, the use of a point aperture would produce an undistorted 


map of the flux-density distribution in the image plane 


2.2. Determination of a Characteristic Function of the Point Image 


It should be clear from the above that the function which distinguishes one image-forming 
system from another is the point-image function ¢g. The problem is to find some way of de- 
scribing ¢, which can be obtained experimentally and which provides significant information 
to the user. 

The direct mapping of the flux-density distribution in the image of a point object with a 
point aperture is impractical because of the very low-energy levels involved. A practical 
method must involve in some manner the integration of the flux over an area 

One method, used by Hopkins |7|' is to measure the flux contained within successive 
concentric circular regions about the center of the point image (fig. 3). The ratio of the flux 
contained within a circular region to the total flux of the point Image Is plotted as a funetion 
of the radius of the circle (fig. 4 
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characte stic 
lid represents the portion of the total flux that Chis curve shows the normalized volume of the solid in figure 5 a 
hrouch the receiver slit, the point image being cen f the width of the slab, 


This method has several advantages over mapping the flux-density distribution directly. 
Of course, there is an increase in the energy involved, which increases the signal-to-noise ratio 
of the measurements. Also, there is a reduction of a three-dimensional function to two 
dimensions, which is more convenient. Further, this method provides the user with an idea 
of the contrast with which small detail will be imaged, for, by the interchangeability of the 
object and aperture function, the resulting curve (fig. 4) can be considered to represent the flux 
density at the center of the image of a disk as a function of the size of the disk. This disk 
corresponds to a small object in the scene, later observed by the user 

This method does have disadvantages, however. It is satisfactory for systems in which 
the point image is radially svmmetrical, but is insensitive to the presence of radial asymmetry, 
such as eXists in an astigmatic or comatic image. It also presents the practical difficulty of 
locating the centers of the apertures or disks in two dimensions with precision. 

A ditferent integrative method that allows a considerable increase in the available energy 
is one in which the integration is limited in one direction only. This is done by measuring the 
flux contained in successive widths about the center of the point image (fig. 5). The normalized 
flux contained in a region as a function of the width of the region (fig. 6) is the funetion that 
is here proposed as the most useful and practical characteristic function describing the point 
image. It will hereafter be called the point-image characteristic A(w), where w represents the 
width of the region. For example, if the integration is limited in the s-direction, then 


. " . 
/ - 


K uw : | ¥ my) dyda r 


It should be noticed that this function does not actually involve a reduction of three 
dimensions to two, because the curve obtained is a function of the direction in which the 
integration is\ taken This makes the data somewhat less convenient than is true of the 
previous method, but this is not objectionable because of the additional information obtained. 
The new method will detect a lack of radial symmetry. However, the inconvenience involved 
is not too great because most images are bilaterally svmmetrical, or nearly so, and two mutually 
perpendicular orientations are all that are necessary to characterize the image. 

The point-image characteristic has other virtues bevond the relatively large amount of 
available energy and the ability to detect lack of radial svimmetry. These arise out of the 
unidirectional limitation of the integration, 

For example, the point-image characteristic is closely connected with the fine-line image. 
The fine-line image is the image of a line of infinite length but infinitesimal width. The flux 
density is constant along the length of the line image and varies in a direction perpendicular 
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NORMALIZED DISTANCE IN IMAGE PLANE 


FIGURE 7. Generation of jine-line image. 
| IGURE S (‘ross section o} fine-line made 


rhe flux density at a point in a fine-line Imagt propor- 
tional to the area of the section of the point ir rien Che vertical line corresponds to the area of the 
tated in the direction of the line fieure 7 
to the length. It is obtained by integrating the point image in one direction only. For 


example, the image function for a fine line, the length of which is in the y-direction, is given by 


La Cay r,ydy \ 


This is illustrated in figures 7 and 8 
‘The point-image characteristic can be obtained from the fine-line image by 


Kw "2 ryda y 


This is illustrated in figure 9. 

Up to this point we have been considering the object to be a point or a fine line and the 
detector aperture to be a variable slit, the operating mechanism that produces the variation 
inw. But, because of the interchangeability of the object and aperture, an illuminated variable 
slit could be used as an object and a fine slit centered on the variable slit image as the detector 
aperture. This method of obtaining the point-image characteristic is illustrated in figure 10 

The point-image characteristic is also closely connected with the knife-edge image. The 
latter is related to the point image as follows: 


S(2’ | g(r,7 dydg., 10 


This is shown in figures 11 and 12. 


The relationship between the knife-edge image and the fine-line image is given by 


S(2’ | Lia\dr. 11) 


a 


The point-image characteristic is obtainable from S(r) by observing the values of S(x) at 


] w,/2andz w. 2. Then 


K(w,)= S(w,/2)— S(—w,/2 Liaj\die— Linda Liar) 12 
e a e - 
These relationships are illustrated in figures 13 and 14. 
In summary, it may be pointed out that the point-image characteristic provides a simple 
vet practical and informative way of evaluating an imaging system. It may be obtained from 


a variety of test objects, namely, a point, a fine line, a variable-width line, or a knife edge. 
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Plotting the central flux density as a function of the reduced object 
} width results in the point haracte c curve shown i! 
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Furthermore, regardless of which way it is obtained, it can be interpreted in terms of any of the 


objects. This is discussed further in a later section. 


3. Evaluation by Fourier Analysis 


\ general object O(r,y) can be analyzed into a continuum of sinusoidal spatial waves, difler- 
ing from each other in direction, frequency, amplitude, and phase. The characteristics of these 
waves are given by the Fourier transform of the object, 
ry) exp | iw, w,y)\dad y, 3 


e « 


Tw W 


where 7,(w,,w,) Is complex, containing both amplitude and phase factors, and w, and w, are 


directional frequency components of the component waves. 


A component wave itself is represented by 


Me Tw .W,) CXP [i (wpa ’ w,¥)|. 14 
Consider this to be an object. Then by applying eq (2 
Ila y=] f erT6oee.e,) exp [i wl’ —2)+ wy’ —y)) |drdy 
T(w;.w,) exp |i(w,’ + w,y’)| | g(r.y) exp |—Hwr+ w,y)|drdy. 5 
The mtegral is the Fourier transform ®(@,,0,) of g(r), and therefore 
lt 


wis’ .y’) = Plw,.w,) Ti (w,.w,) exp [wr + w,y’)). 
simply the component object wave. Each component 


The funetion modified by & is seen to be 
of ® and the corresponding component object wave. 


mage wave then will be the product 


Therefore, 


fr ae fe 
aw ~“ wre Wrew,!, ‘ 


where 7; is the Fourier transform of the image. 
If /(2,y) can be considered to be the object of a second imaging precess, then 


7; Wr. W b, Wr,W 7, Wr. W GO 7 IS 


This can be extended to WS MANNY dnaginge processes as desired. 


The transform 


Pp Wr. W | gly exp | iw F Ww, dandy 


Let us examine it In more detail. 


ss 


is seen to be characteristic of the lhaging proce 
The transform is the double integral of the product of two functions, one being the point 

Image g(z,y) and the other a two-dimensional wave exp|—i(w,4 + w,y)). 

This two-dimensional wave is sinusoidal in one direction and constant in the perpendicular 

The direction of the sinusoidal variation is inclined to the 


direction, like a corrugated roof 
sitet fig LS 


r-aX1s by an angle @, where tan @=w, w,, and the frequenes is given by we 1wr+w 
The transform can then be considered to be & (@,w~ 
For 60, w,—0 and the transform becomes 

/ >) 


gil CXp / @ -/ Wada L J CXP| iw wd, 


Piw 
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It must be remembered that & is actually complex, involving both an amplitude and a phase 
factor. However, if the origin of g(z,y) is properly selected, the phase shift is small. If g(7,y) is 
symmetrical about its origin, then there is no phase shift involved. In most cases, for evaluation 
p Irposes, the »! idse-s! ift factor ean be neglected 
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rier transform of point imagae. 
J I , he dashed line is the sine-wave response curve from which this 


Each radia] cross section is the sine-wav« response in that was derived, The vertical lines separate regions in which the quare 


direction. Note that the space is frequency space wave image contains different numbers of harmonic components, 
each region having one more component than its neighbor to the 
right. In the region farthest to the right, the square-wave image con 
tains only the fundamental 


4. Coordination 


If }(w) is given, it is possible to predict a similar response curve in which the test object con- 
sists of alternate dark and light stripes, a spatial square wave. The square-wave test object 
can be analyzed into its component harmonics, each of which is attenuated by the value of @ 
corresponding to its frequency, and the image is obtained by adding together these attenuated 
harmonics. For the response curve we are only interested in the peak-to-peak values that are 
obtained from the values at the centers of the lines and spaces. The square-wave response 


} | l . 
V(w) P(w)— Pi Sw) + —( jw) °° e©« 6 ke (25 
T » » 


It should be noticed that there will be only a finite number of terms in the sum because there 


curve then is given by 


is a limiting value of w bevond which © remains at zero. This limit exists because of the finite 
dimensions of the aperture of the system; the larger the aperture the higher the limiting 
frequency. 

Because of the finite range in w, it is possible to obtain #(@) from y(w) by the inverse 
process. Here it is necessary to start at the limiting value of # and work backward. From this 


limiting value w, back to w,/3 the sine-wave response is given by 
@(w)— 2/4 Ww) DF 


because ® and y are both zero for the odd multiples of w for w vreater than We/ >. 


From @,/3 to @,/5, 
P(w) 7 t ¥(w) t 1P(5w), 27 


where (3) may not be zero, and has already been found. 


From w,/5 to w,/7, 
P(w) = 1/4 Y(w)-+ §O(3w)— $O(5w), (28) 


and so forth. 
The relationship between the square-wave response and the sine-wave response is illustrated 
in figure 18, 
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PiGURE 19. Generation of square-wave response from FIGURE 20. Generation of square-wave response from 
point image. jine-line image. 

rhe sum of the volumes of the slabs is proportional to the flux I'he cross-hatched areas correspond to the slabs in figure 19. The 

. ' , . ht > lave S 

kk ty at the center of a bright line in the image rhe sum of the marked widths indicate how the square-wave response can be ob- 

.olumes of the slabs that have been removed corresponds to the dark tained from the point-image characteristics, 


rhe difference between the two is proportional to the square- 


wave response 


The square-wave response may also be obtained from the point-image characteristic. If 
we consider the imaging of a square-wave test object as a point-image integration, then the flux 
density at the center of the image of a bright line in the pattern is proportional to the sum of the 
volumes of the slabs illustrated in figure 19, or the areas of the stripes in figure 20. The flux 
density at the center of the image of a dark line is proportional to the sum of the volumes of the 
slabs (or areas of the stripes) which lie between those illustrated. The sum of these two flux 
densities is proportional to the total flux in the point or fine-line image, and the square-wave 


¥w)=E (5,)-|1-£(9,) F2#(s5)-1 (29) 


response is given by 


a=W a W a W 


where (1/2) is the flux density at the center of the image of a bright line and 1/2e=w is the 
width of a line, bright or dark, in the pattern. 
It can be seen from figure 20 that 


of I , ‘ mre . s oe 
E( - ) K(w)= K(w) + |K(5w)— A(3w)| + (A(9w)— A(7w)]+ 2. ., (30) 


—_W 
where A(w) is the point-image characteristic, so 
V(w)=2! K(w)+ [A (5w)— A(Bw)| +... } 1. (31) 


It is now apparent that &(w), the sine-wave response, may be obtained from A(w), the 
point-image characteristic. This is done by determining ¥(w), the square-wave response, from 
), and (28) to obtain the sine- 


K(w) and then applying the procedure indicated in eq (26), (27 
wave response. 

To obtain the point-image characteristic from the sine-wave response is more direct. Con- 
sider the test object to be a variable-width line. The transform of the image of this object is 
obtained by multiplying the transform of the object by the sine-wave response of the system. 


Chis calculation for the case of the unaberrated image was made by the author before he was aware of Steel’s equation (see appendix). It 
was done for 30 different spatial frequencies, using the tabulated values for the knife-edge image given by Struve (see appendix) as well as his 
ipproximation for values beyond those tabulated rhe agreement between this calculated sine-wave response and Steel's equation is well within 


rror of calculation 
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The transform of this object ts of the form 
Pe SIN Tw 
l.=w = > 
Tw 
shown in figure 21, and the transform of the image is given by 7,—07T The image itself would 


be riven by the inverse transform 


lta p7]’ exp i wat’a)iddw 
Dut we are interested only In the value at the center of the line nave where uv (ho so 
‘ ; — i SIn Taw , 
Kars LO PT) log = 20 Pl ws ¢ } 
Tw 


kor (iic'l 


selected, the sine-wave response 1s multiplied Ir the propel calculated function of the form 
Is then multipl ed 


This equation shows the direct manner in which A(w) may be obtained from 4 


nus, and the product Is Integrated eraphically or numerically 7 he result 


1) we and the value obtamed is the desired A uw 


5. Application 


It has been shown that an imagin system can be evaluated by means of a descriptior 
e pomt image o iiternativel nh description ol Ls fouries transtorm aeh of them 
ivantaves 
Phe Four ippre » COT es ral svstems or to anal ster ) 
components iricit ! OS TI principal condition is that en nterm 
e formed by ea , t be equival on il luminous obyecd ne thes 
{| lensit iis ( e ima pie | . Corl ning or anal ! . seal ( 
ied toad OL | ( re levisio Stem is Cri i) rile Ci ! rmeqd 
mece is torme ona all ! - ( ( mot pplied to a telescopic s em becny 
he | tf emergu Irom the } ( 0 ins ( ve-lront deformations produc 
aL objective and Iss ( yal 0 0 ctiol ) cube 
his does not mean that the Ko ! r appro cannot b applied I I { Os 
system It is just that the whol re not be | <( tluated by simp Vial 
t! components 
Using the Fourier approach also enables one to app e concepts developed in information 
ind communication theory to imagine processes 
Another virtue of the Fourie) pprow Is Ul trie nsiorm determines 0 myo 
tion of the sine-wave pattern in the image plane Isal e section of the solid representin 
entire transform in the riage =pladkie \ simula prope amoes no hold lor thy po rit I 
characteristl 
It should be noticed also that the sine-wave response of a lens has a finite boundary dete! 
mined by the aperture of the svstem, whereas the pom! ltnave characterists ~ nbounded 
The point-lmage characteristi on the other hand, direetly provides Iwo basic type ol 


information about the performance ol the svstem apart from the distribution of flux in 
point image These are the contrast at which an tsolated object will be lmnaved as a 
of the object size, and the gradient in the image of the edge of an extended object 


¢ Obtained by measuring the flux densiti 


holds because the point-image characteristic can 
at the centers of finite-width line images The second holds because the characteristic can 
also be obtained from the Image ola knife-edge obyer { 

However. if one knows either the point-image characteristic or the sine-wave responds 


ne can calculate the other, as has been shown It would probably he preferable to have a 


research instrument that would determine the sine-wave response, hecause the transformation 
to the point-image characteristic is more direct and more suitable for calculating Inachines than 


the reverse transformation. 
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wwe FiGuRE 22 Schade’s equivalent bandwidth 
ba i RE 21 Transfo mieol finite-u Ath ne Object ihe solid curve the hne-wave response curve the dashed curv: 
the square of the solid curve; and the rectangular area is equal to t! 
frequer of thie nt wave, and the reauced irea under the dashed curve his rectangular area is measured by a 
widtl ngle number, its limiting frequency, thereby providing a singk 


mber to describe the ne-Wave-response curve 


Another problem that comes up is one that is involved in routine testing. It would be 
desirable to reduce the evaluating curve to a single number with as little loss of significant 
information as possible, and it would be desirable that this reduction be done automatically in 
the test procedure 

With respect to the sine-wave response curve, Schade has suggested a reduction in which 
the curve is squared, ordinate by ordinate, and then integrated. The resulting number 
is equal to the limiting frequency of a rectangular “response”? curve having the same area 
as the squared sihne-wave response curve. This establishes an equivalent bandwidth, shown 
in figure 22 

The mechanism that would permit this determination directly would be similar to the 
sine-wave response mechanism, except that a “noise’’ pattern instead of a sinusoidal pattern 
would be used. The ideal noise pattern contains all frequencies at equal amplitude but with 
random phase relations. The fluctuations in the photoelectric output produced by this pattern 
are fed through a squaring circuit and then integrated. The resulting steady current, indi- 
cated on a meter, is proportional to Schade’s equivalent bandwidth. One trouble with this 
system is the difficulty involved in producing an acceptable noise pattern. 

Kquation (34) indicates another approach to the problem of representing the sine-wave 
response curve with a single number. The object transform 7) in this equation can be con- 
sidered to be a weighting factor for the sine-wave response curve, and the integral to represent 
the equivalent bandwidth Q. Then this equivalent bandwidth can be determined by the use 


ofa variable slit or a knife edge, for 
Kw 


, 


uw 


For this to be single-valued, w must be fixed, and two convenient possible values appear 


evident. One is to set w=1/e,, where w, is the limiting frequency for a theoretically perfect 
lens having the same aperture as the lens under test. Then the weighting function goes to 
its first zero at w This method is illustrated in figure 25. 


The other convenient value for w is zero, for the limit of A(v)/w as w goes to zero is the 
slope ut ecentel of the knife-edge Image, as can be seen W ith the aid of firure 14. As indi- 
cated in eq (35), this equivalent bandwidth is given by one-half the slope at the center of the 
knife-edge image. The weighting function approaches unity for small values of w as w ap- 
proaches zero, so this equivalent bandwidth is given by the area under the sine-wave response 
curve itself. This is illustrated in figure 24. It might be emphasized that this latter relation- 
ship is an important and fundamental condition. The slope at the center of a knife-edge 


Image is exactly proportional to the area under the sine-wave response curve. 
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The idea of measuring an equivalent bandwidth may be a good way of reducing the sine- 
wave response curve to a single number, but this process eliminates one of the advantages of 
the sine-wave approach, and that is the ability to combine directly a sequence of imaging proc- 
esses. For most telescopic systems this may be unimportant, but if such a combination is 
desirable, then perhaps the sine-wave response curve can be characterized well enough by some 
particular frequency. If the response to some such frequency were established as a measure ol 
quality, then the measure of the quality of the combination is simply the product of the measures 
of quality of the components. 

To summarize, the Fourier approach seems to be more desirable for research and detailed 


testing, but the determination of the point-lmace characteristic lends itself to rapid routine 


testing. 
6. Appendix ; 


6.1. Images Produced by an Aberration-Free System With a Circular Aperture in Mono- 
chromatic Light 


The extended objects are assumed to be illuminated none ! In the fo vi | 
ol displacement tthe aut Ss 
Irma 
ne yt 
ais the radius of the circular aperture e distance I nage plane from the ¢ I tt ive, 
s the distance from the image plane to the aperture, and A is the wave h of | t 


This is well known. and its section is given by 


It is illustrated in figures 1 and 2 


b. Fine-Line Image 


\n expression for the cross section of the fine-line image, implicit in the original work of Struve [1], is explie 
ven by Steel [2] as 
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3m [1,(22) 


Lz) 9 (38) 


re H, is what is known as the Struve function, and has been tabulated. The cross section of the fine- 
image is illustrated in figure 8. 
c. Knife-Edge Image 


Struve [1] developed this in a series expansion and tabulated it for z up to 15, If the edge is oriented so 


the gradient for the image is positive, then the image is given by 


- > & ) ~ ‘ - 
S 1 . — =} —_ ; ° 59) 
2 T Bs } , | De) » | wr 
ive also gave a simple approximation, which is in error by less than 0.1 percent for Z>7 and 1.0 percent 
p> * 
) 
S(2)~@l1- . 1) 
knife-edge image is strated in figure 12 
d. Finite-Width Line Image 
Lf the i+} yf (ia <18 j Lue ther 
a Le u 
i S( 24 )—S(--—<} 1] 
) ) 
i [1 i 3 s i fi 10 
€ Point-Image Characteristic 
| vive 
ul ul i 
Ku S(- )-—S(- )=2S (> )-1 12 
) >) ) 
f 5 \ + vive 
| » Ju » (2u ri 2u 
A I's - + — : = ——-—=— @ © © } ) 
Tr l l ) > | =) ) » | > yg 
<trat i ngul t) 
f. Sine-Wave Response 
shay 2 | give he following expression tor the sine-wave response 
; 1) L Ww 
b(w T 2 2 AS, 14 
{) ») 
? = —a J 
: and w, is the wavelength of the sinusoid, Notice that there is an absolute limit to the fre- 
( of the pattern that a lens can form, this limit being where the wavelength of the pattern in z units 
il on 
quene e image plat s given by 
w 
v= ae 1) 
2NVX 
\ 12a and is the wavelength of light. If \ is in millimeters, v is in cycles per millimeter. 


Figures 16 and 17 show the sine-wave response 
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Advances in the Design and Application of the Radio- 
frequency Permeameter 


Alvin L. Rasmussen, Albert W. Enfield, and Alfred Hess 


Improvements are described for increasing the frequency coverage, accuracy, and 
ease of applicatior of the radiofrequency permeameter developed at the National Bureau 
of Standards to measure initial complex permeability of toroidally shaped ferromagnet 
materials of low cor ductivity A brief review of t he developn ent of the permea lve ter I> 
also presented. These improvements include (1) calibration of a permeameter, using a 
transfer permeability standard, (2) design of permeameter primaries for the frequenc) 
range of 0.05 to 50 megacyeles, (3) modifications of the short of the permeameter secondary 

{) analvsis and modifications of loss equations >) graphical methods of obtaining dis- 


sipation factor and permeability from measurement data, and (6) capacity calibratic 
of a @ ineter 


1. Definition of Symbols at radiofrequencies. It is an impedance transformer 


the primary of which is wound on a powdered-iron 


al real permeab \ : i be 
Initial real | abilit toroid. The secondary is a shorting enclosure that 
[Initial magnetic-loss factor . 
/ Geometric inductance of test core envelops both the primary and the toroidal test- 
Initial permeability of primary core sample core, as shown in figure 1 Connections 
l Geometric inductance of primary cor the primary are brought out to terminals aft 
! ial permeability of au liar ore re » 
Titial | y . ey oO bottom of the enclosure. A number of different inter- 
] Geometric inductance of auxiliary core 
l Caeometric inductance of the empty coaxial changeable primaries “re provided, mounted 
‘losure of the permeameter plastic cases. One of the shorting ends of the enclosure 


Lo, Xo. Z Input resistance, inductance, reactance, and or section of coaxial line is removable to permit 


impedance, respectively, with permeameter 
horted 


sec daar . , 

pL, X;. Z:—Input resistance, inductance, reactance, and | 18 usually half a centimeter or more above the 
impedance, respectively, with permeameter primary. Thus, a nearly uniform sheet of current 
secondary opel surrounds the test sample. 

R, Le Ne Ze Input resistance, inductance, reactance, and T a 
impedance, respectively, with permeameter o make measurements, the primary of the perme- 
econdary shorted and a sample enclosed ameter is placed in one arm of an rf impedance 

;' ‘ 
( Capa required to resonate L bridge or across the terminals of a { meter Input 
( ‘apacit\ equired to resonate 4 » 
capacity requis ; te impedances of the primary are then measured with 
( Capacity required to resonate L . m 
Qo, Q:. Ge =Q's corresponding with (Co, C,, and Cy, re- 1) permeameter secondary open, (2) permeameter 
ectivels secondary shorted without sample, and (3 permeam- 
{ ( ( ( C;, ¢ Cy, and ¢ C), respectively eter secondary shorted with a sample enclosed 
— frequency and frequene,s respe From these data LU. and tan 6. are derived 


\ — Effective turns ratio of primary to secondary 


insertion of a toroidal test-sample core The latter 


In order to increase the accuracy, precision, ease 


\ 7 Reactance and (© of secondary vithout test of application, and frequency eoverage of this imstru- 


core, respectivels ment, the following actions were undertaken, and 
a Oe \ - = . be ' 7 — ——— , oe eects Specs in detail 
ian Matest taeaieeen: tab waleeeie eel 1. Calibration of a permeameter, using a transfer 
secondar permeability standard, was introduced 
Pa Magnetic-dissipation factor 2. Primaries of the permeameter were designed 
I \ \\ it . : tanc al { wire reacta “e of the for the frequency range 6.05 to 50 \le 
' erase me a eee » The quality of the short at the end of 
I? I-ffective series resistance of the primary core coaxial section Was improved. 
\ 7 Effective series reactance and = impedance, } The loss equations were analy zed and propel 
respectively, of the primary core modifications introduced. 


“ 


7 7 +. Z Zz respectively, 

\ \ \ \ respectively, 
l 
/ 


TSN HN 
~~ Le SN 


Rr, RP R.. respectively were developed. 


5. Graphical methods of obtaining dissipation 
Le, L,— Ly, Ly— In, respectivels factor and permeability from measurement data 


; 6. (-meter capacitor increments were accurately 
2. Introduction calibrated in terms of an external precision capacitor. 


The accuracies obtained with the original 


Advances in the design and application of the permeameter were not determined exactly [1].!. With 
radiofrequency permeameter are presented. the above improvements, the accuracy of permeabil- 
The permeameter was developed for use in measur- itv obtained from reference to a primary standard 


Ing initial permeability wy) and dissipation factor 


tan 6 of toroidally shaped ferromagnetic materials Figur brackets indicate the literature references at the end of this paper 


261 





















































SHORTING -—~ 7 4 Ps 
PLATE |____TEST CORE 
SHORTING PRIMARY CORE 
ENCLOSURE -—4 WITH WINDING 
(SECONDARY) 
] I Ki l Sch ( c / ( / 


was 2 percent, and the estimated accuracy of the 
dissipation factor was +10 percent +0.003. ‘These 
accuracies applied to the range 0.100 to 35 Me 
Low-loss and low-permeability powdered-irom ma- 
terials, ordinarily difficult to evaluate, have been 
successfully measured in the improved permeametet 


3. Discussion 


3.1. Calibration of a Permeameter, Using a Transfer 
Permeability Standard 
The equation for initial permeability [1], using the 
paralle | resonance method, ts 
ines | 
iy 4 


Permeameter calibration Tras be defined as an accu- 
rate determination of A at a given frequency. This 
KC was formerly determined to an Hecuracy of | per- 
cent by means of National Bureau of Standards at- 
tenuation and voltage standards and measurement 
procedures based upon the relationship 


. | 
A : 2 


The effective turns ratio, .V, of the primary to thre 
st condary Wis determined from voltage ratios meas- 
ured with the piston attenuator [2] or the micro- 
potentiometer 3]. Furthermore, A’ could be 
termined with reduced accuracy from vacuum-tube 
from the 


voltmeter measurements of the ratio .V, o1 
geometric inductance of the empty space in the per- 
meameter secondary Above LS Nie the latter 
method appeared to be unreliable 

With the newly adopted calibration method, stand- 
ard permeability cores were used as transfer induct- 
ance standards. The real initial permeability, 
uo, of a specially ground carbonyl FE coaxial sample 
was determined to an accuracy much better than 1 
percent with the primary standard of rf permeabilits 
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[4] at the National Bureau of Standards. If th 
value of (uj—1) LZ, is such that for the given permeam, 
eter CoC, approaches unity, then it can be show, 
that the most accurate determination of AU may }y 
made. This condition was met. Also, for ‘hes 
accuracy, high-accuracy bridges were eniployed 
Once a standard sample is available, numerous othe 
secondary standard samples may be obtained from 
it by means of a permeameter and an accurate) 
capacity-calibrated Q meter. Permeability valyes 
determined by means of secondary standard sample 
at the National Bureau of Standards were within j 
percent of the values obtained from = the primary 
standard of rf permeability. Standard toroidal 
samples made from powdered-iron materials are bes 
in this application because they usually are quit 
stable with time, and many have nearly a flat fre. 
queney response of real permeability. The method js 
relatively simple, more accurate, and more reliable 


3.2. Design of Permeameter Primaries for th 
Frequency Range 0.05 to 50 Mc 


Re-entrant cavity techniques are used at ¢] 
National Bureau of Standards down to 50 Me 4 
measure initial permeability and dissipation facto 
The first permeameters were usable atl tos5 \le wit 
either JU meters or rf bridges, whereas at 0.05 to | \| 
bridges were emploved beeause the inductances Ty 
the primaries were too low for application with 
meters. Therefore, high- coils 
were designed to remove this limitation \dditiona 
designed for the frequency rang 
The follow ig procedure Wiis applic 


high-inductance, 


primaries were 
0.05 to 50 Ne 
in this design work: 


It can be shown /1] that. to a close aupproximatior 
K=Li-I : 
\ ‘ Ne ; 
and 
| 
pila a y-y 
Therefore, 
/ L ( 
wb ( 
\ppropriate values of ©) and ¢ were chosen | 


fall within the range of the instrument applied in tl 
measurement technique Ll’ was selected after con- 
sidering the sizes and permeabilities of the material 
to be measured in the permeameter; yu and L,, a 
the primary were determined from eq 5: and L,; was 
determined from the size of the permeameter 

material with the corresponding u,, good stability 
and relatively high Y for the frequency was selected 
\ reasonable number of turns (approximately .V, & 
determined from eq (4)) was chosen As the require 
conditions could not always be met, parameters 
frequently were adjusted by SUCCESSIVE approxime 
tions. The secondary Inductance Wiis sometime 
increased by adding i relatively high permeabilit 
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permanently to the secondary. 


toroid 
decasionally, fewer turns than ordinarily used at a 
were chosen, and a loading toroid was 
possibly added when measuring very-high-perme- 


loading 
frequen 


ability materials. A low-loss external capacitor was 
sometimes required in this case. The size of the 
ire on the primary was determined by the frequency 
of application, by the space available on the primary 
sore, bY the number of turns required, and by the 
pest (Y's obtainable. 

Parameter restrictions are summarized as follows: 
When a permeameter—(/-meter combination was 
employed, (o Was usually kept below 400 yuf at all 
frequencies to help obtain optimum (@ values. For 
hetter accuracy, the capacitance difference, (o,, was 
50 uul or more () values were high 
enough to give proper precision. Based on experi- 
ence, the minimum values for (, and (4 were selected 


made lo he 


as LOO and 25, respectively ; and NV decreased with 
frequenes Typical values of 13, La, wm, and NV are 
viven in tables 1 and 2 of the appendix 
It can be shown that approximately 
- wl 
A ; 
A 
() . 1) 
w= iM 
‘ ¥ () 


As \ 
es, also becomes very small ut these frequencies 
The design of the O.100-Me primary 
ted as an example 


and f/, are relative ly small at the low frequen- 


fig. 2) Is 


Six hundred turns of machine- 


vound extra-heavv-enameled No. 34 wire, banked 
very 2 or 3 turns to reduce the distributed capaci- 
tance and to have the winding extend only 360 


wound the toroid, resulted in the most satisfactory 
4 and il high self-inductance The toroid had i 
u approximately equal to 49 Because, for this 
ase, (, was too large and (4, too small, an auxiliary 
toroidal core was mounted permanently next to the 
increased VY. and resulted = in 


rimarv. This core 
new and usable values of ©, and @ 
Therefore, from eq (3 
K=L,—L uo—1) Las 7 
{nother example fie y- Is the 35-Me primary, 


vhich had five turns of a thin pair of copper strips, 


in. wide. wound 360° around a toroidal core’ u 


vas about 4.8. A thin insulator was applied be- 
tween turns. To reduce leakage, thin strips were 
ised Parameters .V and u had to be small because 


of the relatively high frequeney involved 

{rather comprehensive list of primary character- 
given in the appendix, table 2. Each 
primary covers a limited frequeney range about its 
calibrated frequeney, that measurements are 
possible practically any where over the entire fre- 
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embled 


FiGuRE 2 Radio equency p 


RD Me 


bmaries 


disas 


quency range of the permeameter. The primaries 
were especially designed for use with the Boonton @ 
meter 260A, which has a low-( seale. The low-Q 
scale, obviously, is convenient for measuring high- 
When rf impedance bridges are used, 
the frequency range of a primary may be increased 
many fold bridge may have a larger 
impedance range than a GY meter 


loss materials 


because il 


3.3. Improvements of the Short at the End of the 
Coaxial Secondary 


This section includes a brief description of all the 
shorts tested, before discussing the finally 
adopted. 

Beryllium plate 
bervilium-copper 
had thick fingers 
conductor and the 
of the coaxial 


and fingers The first short, a 
plate with a hole in the center, 
to fit snugly around the center 
inside wall of the outer conductor 
A nut pressed this plate against the 


flat surface of the conductor. The rf resistance of 
this short was much higher in magnitude than the 
resistance due to most magnetic materials to be 


tested, and was nonreproducible, especially for use 
in the measurement of materials with relatively low 
permeabilities and dissipation factors. 

Thin beryllium fingers (0.010 in. thick) had similar 
disadvantages in addition to permanent bending 
with Commercially made folded fingers were 
no better 

Nonlocking 


use 
tapers. ‘Two nonlocking 9° tapers 
met with some success. ‘Two concentric plates (ref, 
ll), fig. 1) were used to minimize wear. The larger 
plate was made of beryllium copper, and the other 
plate and the rest of the permeameter were made of 
Furthermore, surface friction between similar 
metals was reduced. The smooth contact 
were lapped circumferentially so that surfaces would 
fit into each other and make improved electrical 
contact. 


brass 


surfaces 


Disadvantages of this shorting method, appearing 
after the measurement of a few hundred 
were contact surface wear and poor reproducibility 
Metal from the rubbing contacts would burr and 
scar the surfaces. However, relapping and cleaning 


toroids, 


contact surfaces with acetone did slow down this 
wearing process. 
Continuous-surface short. The ideal condition for 


a reproducible secondary short is for the two faces 
of the tapers always to meet to form a continuous 





surface from the center conductor to the outer con- 
ductor walls inside the permeameter at the same 
plane. Unusual wear and the stretching of threads 
cannot be tolerated because they result in electrical 
contact occurring at numerous places along the 
threads of the center conductor. 

A superior shorting plate was therefore designed 
The design principles are applicable to numerous 
impedance-measuring devices. Figure | and figures 
3, 4, and 5 show the permeameter assembly details 
The stainless-steel clamp exerts downward pressure 
upon the brass cap, the rubber, and the thin shorting 
plate, which is made of phosphorus-bronze. The 
shorting plate is pressed against ledges of the outer 
conductor and the center conductor. The short ts a 
continuous surface, and the resistance remains as 
constant as the pressure. 

When used with a coaxial line, at 1 Me, the short 
was reproducible to three ten-thousandths of an 
ohm, and no variations of inductance were observed 
with a bridge capable of measuring differences as 
small as | muh. Contact surfaces were kept clean 
with acetone and polished occasionally with erocus 
cloth to maintain such a high degree of reproduci- 
bility. 

After several thousand measurements, changes of 
the input impedance of the empty shorted perme- 
ameter resulted from the wearing of the surfaces of 
the center conductor above the clamp Also, the 
thin plate showed a very slight impression around 
the center conductor. These brass surfaces of the 
center conductor were then replaced with stainless 
steel. The rubber‘ in the cap, brass-resistant natu- 
ral rubber of near Shore hardness 45, was made 
suitable for frequent use over a period of at least 2 
vears 

The rubber and the plate are replaceable, and the 
permeameter They be easily calibrated with a stand- 
ard core. The shorting plate pressure must be suffi- 
cient to assure cood reproducibility. The construc- 
tion of the center conductor above the shorting plate 
may be improved by using a stainless-steel section 
attached to the rest of the center conductor 

Below 0.300 Me slight variations of pressure ap- 
peared to cause more noticeable changes in the Input 
impedance. However, the reproducibility over a 
long time was still much better than aN other 
shorting arrangement developed thus far at the 
National Bureau of Standards. Above several 
hundred kilocyeles, the reproducibility of Q's above 
10 may be as good as +1 percent, and of C's, 0.15 
pul In this design, the narrowed electric-contact 
surfaces reduced the amount of surface irregularity 
and assisted in maintaming the cvood reproducibility. 


3.4. Analysis and Modifications of Loss Equations 


In a former analvsis of the permeameter [1] the 
transformer was implicitly represented by an equiva- 
lent network, which included primary core losses 
with the wire losses, as shown in figure 6.a. They 
are separated in the network shown in figure 6,b, 


4 Made by F. I Roth, of Organic and Fibrous Materials l) ! the Na 
tional Bureau of Standar 
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i the same manner as used by Kelsall in his original | Furthermore, ?,/X, is of the order of m ienitud 
paper [5]. An analysis of the latter network is | of the dissipation factor of the primary core, Fy 
low-loss material, tan 6,,<1, therefore, 


Z,=jXut+RutZ, (8) 
ZZ | 2 =, tan 6,,.<\1. (% 
Zo=jXutRutN? (Zi "yn7- ): (9) | _ | 


Consequently, the dissipation factor (tan 6,) may 
Subtracting eq (9) from eq (8) and substituting | be expressed in terms of tan 6,, and of the dissipatio, 
Z,+Z,,) for Z, and Z, for Z, we have factor of the primary core as follows: 














y Arn , ro, ° , | , R, Ly l 
ae —£,—=N(Z,4+Z,). (10) tan 4,, ( tan 5, + 25+ )( ) 9) 
ins A Pp Ky rs 
Then, eliminating Z,, we obtain When materials with a dissipation factor of th 
same order of magnitude as the primary core ap 
y y Au | | ) 1 measured, eq (21) should obviously be used. 
/ ~(s4-—>-} (11) 
N?*\4Zi7, Li 
; ' a | 3.5. Graphical Methods of Obtaining Dissipatio; 
Experimentally, it is known that Z,, and Z, are | Factor and Permeability from Measurement Data 
very nearly equal to Ny, and Yj, respectively. Pict! 
rhus, simplifying eq (11) gives the equations When the permeameter is used with a Q meter, j 
; : ; can be shown that ° 
A yf (RR? X? A+ 22, A »B, (12) inter 
lal - 8, “T ] t, ©; ] Ge G&G 9 coor 
and aso an o, nn »( a )-- ; ( — ) ae * (ZZ “edi 
eC © 
N?X,=2R,X,A+X¥2B, (13) ; —" . If 
Computing tan 6,, from this equation is obviously, the | 
where 1 and B are defined as lengthy process, I would be more convenient WT freq 
obtain values of tan 6, from graphs. The graphs mav 
> , could be used over a long yeriod because. as States z 
R,, Rio . ; ; : versl 
A \: 7 \: 14) before, the application of the improved permeamet as t 
. =e results in measurements with a high degree grap 
reproducibility. cal 
. ] pe Se , " ey re: " are 
B y _ y : (15) One may, by using permeamete! data obtained i of th 
conjunction with a Q meter at some given frequen poin 
\ ; : — plot C,/Q, versus C;, by using a family of tan 6,, curve> 7 
ow, dissipation factor is defined as [6]. Tan 6,, values (fig. 7) are easily derived throug ca 
° ’ ; 
R,, R., (uo—! pa EY eT 
; “2 16) 
M WL, L, \ ’ vi 
_ TI 
Vherefore, 5 to tl 
fune 
Pe: A, gf, diffe 
4, CE) Bt | ' : and 
tanh o, : (' ; . 17 cane 
9 R. | ku ) ; 
l-+2Z vB ealil 
= 7m dire 
a 
a 
where the prime is used to designate a closet upproxi- is 
mation than given in reference [1 oe 
The expression AB mia be written as 
A Lnelas bur R, 
: ( - ): (1S) ' 
B wh ro ii, L 
This expression is exactly the negative of the ex- 2 
pression for tan 6,, [1], which is 80 100 i20 140 160 180 200k 
Ce, wef 
Lyla, (Ra R _ 
4 4if iy | , ~ 
tan 6, u(>f- >} (19) | Fiawre 7. Cy Qy versus Cy, using a family of tan dm curves 
wl f Fi} Le perme ameler and @ pieler al one req ency 
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at one frequency 
interpolation between tan 6,, curves after locating 
coordinates on a graph Several graphs at other 
frequencies May be constructed to cover effectively 
the desired frequency range 

If a large number of cores, having approximately 
the same value of Z,, are to be measured at 
frequency on a calibrated Q meter, considerable time 
may be saved by again using a graph (fig. 8). ©, 
versus «, is plotted on semilogarithmic paper, with C, 
as the linear coordinate. The end points on the 
graph are determined from the values of C) and (Co 
and (', is plotted in 10-uuf steps over the center part 
of the range and in) 5-uul steps near the ends. The 
point of inflection of the curve occurs when the ratio 
Cy Cy, equals unity. The shape of the curve will 
vary according to La value used 


one 


3.6. Capacity Calibration of a Q Meter 


The capacitance of a Q meter, while corresponding 
to the dial reading to good accuracy, is not a smooth 
funetion of the dial reading: hence capacitance 
differences ibs read can be ihn error by it large amount 
and may even be Opposite in the direction of change. 

To reduce this error, the Q@-meter capacitor was 
calibrated against a more precise capacitor by using a 
direct substitution method To facilitate this eali- 


bration and subsequent measurements, an enlarging 
lens with a vertical hairline was mounted in front of 
the dial to eliminate parallax and enable more preciss 
reading. 

It was found that sufficient accuracy could be 
obtained by using a 2.5-mh coil at 130 ke and a 
100- to 1100-uuf precision rf capacitor connected 
with short leads. This combination gave high ( for 
precise reading, and the frequency was low enough 
that corrections were not necessary for lead induct- 
ance, 

The radiofrequency permeameter deseribed in 
this paper has been modified for measuring complex 
permeability as a function of temperature and direct- 


current bias. Other modifications have been con- 
sidered, 
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5. Appendix. Permeameter Dimensions 


and Description of Primaries 


TABLE 1 Dimensions of five permeametlers 
ype of permeameter 
1 (tapered shunt R (tapered shunt ( 
Pressure 
. h shunt 
Height (JJ), iv 1 Og2 1 ISS 1. ISS 1. 288 1. (4K 
ty i ; meter (2.1 
i Iss ISS 0. 240 0. 250 0, 2h 
Outsid liam 
0} it 1 iM 1 iM) 1. 000 1, 600 1 OO 
( etric nduct 
0 ! npty 
| l h_s&. 761 11x10 11 Wwe* 12.110 7.0, ( 
Designed esp. l measuring powdered-iron materials 
Lo=2770n BA) X10" h, where 7] in meters 
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A New Computer for Calculating the Water Content 
of Gases 


A. W. Diniak and E. R. Weaver 


\ new computer designed to reduce the labor in computing the water content of gases 


is described, and details of construction and use are 
slide-rule type with an accuracy of about that of a 10-inch slide rule. 


The computer is of the circular 
The computer con- 


vyivenh 


sists of three disks with appropriate circular scales, which automatically correct for all devia- 


tions from ideality. 
newly determined values for the corrections. 


It is a completely new design of an earlier model, and it is based on 
The primary function of the computer is to 


calculate the water content and dewpoint of gases at pressures up to 6,000 pounds per square 


inch quickly 


computations Attention should be 


accurately, and with a minimum of effort, but it may be used for many other 
called to the fact that deviations from ideality are not 


dependent on methods of measurement and that they affect many measurements and com- 


putations in which they are usually ignored 


1. Introduction 


Determining the water content of gases by the 
Weaver-electrical method [1, 2, 3]! involves the solu- 
tion of the general equation 

WwW P,PA—KP,+ K'P?) : 

PQ—AP,+AK’'P)PAI—KP,+ A’ P 

where HW, is the unknown concentration (weight per 
init volume) of water vapor in the gas being tested, 
W, is the concentration of water in the comparison 
gas al pressure sg (usually HW. is the concentration of 
water vapor in equilibrium with liquid water or with 
Ire, and P. is the pressure of saturation | oP is the 
absolute pressure of the comparison gas at which the 
fugacity of its water vapor is equal to that of the un- 
known gas at pressure P?,, P,, is the pressure at which 
W. is to be expressed—-usually 1 atm, and AY and 
A’ are the values of which were deter- 
mined experimentally [4] to be A=1.9* 107+, A’ 
14107° for air and other gases (like oxvgen and 
nitrogen) that behave similarly. All pressures in 
this equation are expressed In pounds per square 


constants, 


ch absolute 
To solve the equation by longhand takes much 
more time than to make the measurements needed 
for a determination To reduce the labor 1 making 
the necessary computations, a simple computer de- 
signed for the purpose may be used. The principle 
of the computer is not new; but it is a completely new 
lesign of an earlier model described by Weaver and 
Riley {1}. The computer is a circular slide rule con- 
sisting of three disks with appropriate circular seales 
useribed on them. The several multiplications and 
divisions required for the solution of eq (1) are made 
by adding and subtracting angles proportional to 
logarithms of the numbers indicated by the 
Although the primary function of the com- 
puter is to solve the general equation for W, quickly, 
awcurately, and with a minimum of effort, it may also 
be used for many other computations. The devia- 


———— 


scales 


tion from ideality that makes necessary the correc- 
tions involving A and A’ is, of course, a natural 
phenomenon that should not be ignored in work at 
high pressures, whatever the method of determining 
Water vapor. 


2. General Arrangement of the Computer 


The computer consists of a base disk and two ro- 
tating disks with protruding tabs. Circular seales 
are arranged on the three disks in such a way that 
the general equation ean be solved for We, with a 
minimum of manipulation. The computer is shown 
in figure | 


3. Base Disk 


The base disk (fig. 2) contains two scales, a loga- 
rithmic seale near its outer rim and a temperature 
scale near its center. Concentrations of water vapor 
are marked in milligrams per liter on the outer scale 
Because this seale is a logarithmic seale like that of 
the ordinary slide rule, it can be used for a variety of 
computations involving, particularly, 
from one unit to another. Data used in constructing 
the seale, and other details, are given in table 1. 

On a relatively small circle on the base disk is a 
scale of Fahrenheit temperature, covering the range 
of 30° to 120° F. This seale is read through 
windows in the two upper disks. On it, angles are 
proportional to the legarithm of the vapor pressure 
of water at saturation at the temperatures marked on 
the The arrangement of the temperature 
seale in relation to the outside scale and the markings 
on the latter require explanation. 

It is the purpose of the computer to solve problems 
involving the compositions of gas mixtures (relative 
quantities of water Vapor and of other TASCS), and it 
is convenient to express all compositions in terms of 
the weight of water in the quantity of mixture that 
would occupy unit volume under some standard 
condition, in this case 1 atm and 70° F. If pz 
represents the vapor pressure of water at 70 F, 
Weep its densitv, and p, and W, the vapor pressure 


ia nversions 


scale. 
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TARLE l. Data for outer oagarithmie scale on base disk 
(The scak narked in milligrams of water vapor per liter at 70° | 
Ist evel 2d cyt id cycle 
N I 
Ang Label Ang! Lube Angl Label on scak 
l¢ deg dé 
( WM i 1.0.0. 00] Aw0 LO] 240.0 0.10 
14 125.0 245.0 
ye 4 120. 5 249. 5 
133.7 253. 7 
} i ] 137 257 
t 2 141 MHL. 1 0 
4 i 144.5 24. 5 
‘44 27 47. ¢ 7. 6 
s 1). 270. 6 
; ss { 1 273.4 
( ‘ we 6.1 02 276. 1 0. 
r» Ns 58.7 27s 
4 H1.1 lot. 1 281.1 
it 3.4 lt i 283.4 
} “ $5. ( JS5. 6 
; (7.7 4.6 ys 
4] ws Hus ISS 
} } s 1s 2418 
1472 Pat) 4 
; wiy4 Dat) 
\ Ow) 77 4 207, 2 0. 30 
s st) 
» i y? 2 112.2 
é s4 is. 4 Is. 4 
va s " ” A440 23. 4 { “ 
04 SAS SS ONS 
s 4 t 4.4 
“4 ' ' 41.4 
‘ 4 
+ . Js 4 ‘45.4 
~ Ju ] 1 
; { H } 4 
7 | 4A A) i ml 
Ss ee | ] low 
Al , } ‘ ! i ber 
I Angi i I le plu a 
l Ang! l le plus 24 
b » th rk 
und density at temperature 7, and if the water vapor to 70° will then be found on the same radius as its 


it this low pressure behaves as an ideal gas, 


We py T0+460 ‘ 
Wey poo t+-460 a 
However. we are concerned not with the densits or 


oncentration) of the water vapor at temperature ¢ 
but with its concentration, V in the gas mixture 
it 70° F if the temperature is changed without gain 


rloss of vapor 


i f+ 460 
NW 70-+460° oy 
ombining eg ) and > 
W. =p, T0+460 t+-460 — p, 
Wey poo t+ 460 70-460 Dro 
Jecause of this direct) proportionality, it is only 
hecessary to arrange the two scales so that the 


logarithm of vapor pressure at 70° F is on the same 
radius as the logarithm of the concentration of water 
vapor at that temperature multiplied by a convenient 
power of 10. and any other concentration “reduced” 
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corresponding temperature. Because familiarity 
with the ideal gas law might make the reduction to 
70° easier to follow, that law was assumed in the 
derivation given, Actually, the result would have 
been the same had any other relation been assumed 
between temperature and gas density in 
the two the reduction, the temperature 
factors cancel out. The reduction to 70° only puts 
all measurements on the basis of a common unit of 
composition; it does not imply that gas saturated at 
a higher temperature can be cooled to 70° without 
condensing some of the water. 

Because the concentrations to be read in practice 
cover 5 or 6 orders of magnitude, whereas the circle 
is divided into only three decades, only values of the 
concentration (reduced to 70° F) below 1 mg liter 
at about 0 KF) are marked with their correct 
decimals. Above 1 mg/liter the vaiues of concentra- 
tion Opposite a given temperature are to be multiplied 
by 1,000. 

Detailed directions for laying off the temperature 
scale are given in table 2. The number 1.017 in the 
fifth column is that by which vapor pressure in milli- 
meters of mercury at 70° F must be divided to obtain 
concentration in milligrams per liter 


because, 


steps of 





TABLE 2. Data foi 


inner 


scale on hase disk 


F rhe scale is marked with the temperatures at which saturated vapors, after reducing to 70° F, have the density marked "at mers 
See table 1 4IN€ Padins 
Log Log " 
Pemperature 7 2st Log v a , eee conversion mg/liter Angle Label on 
pressure pressure factor factor it 70 scale 
} ( mm deg 
st). f 44 0. 180 29 0. 0074 2 2480) 2S 
25.0) 31.7 240 2. 3802 2. 3729 2s4. 7 
2.0 2.4 $20) 2 M2 2 4979 204 a 
15.0 1 12% 2 W204 2. 6221 s14.¢ 
wo 23. 3 wis 2. 7 WE 2. 7432 320. 2 ] 
( AN 7M) 2 sv 2 solu $453.4 
( l with 2 Ushi 2.9377 $57.3 
0 15 1. 241 0. OU3S 0. OS65 Ww. 4 
10.4 12.2 1. 02 244 174 23.7 l 
15.4 ; 2.039 si $021 3, 2 
Jt ‘ 2 si i] fis. wo ( 
2 ; ; *- lt 5123 Hl 
st 1.1 4. IS2 214 14! 3.7 
S| Is! 744 7071 S4.8 
Hi). 1 14 274 ni TN MS { 
i.0 7.9 7. 61 SALT sv4u4 4. 
w.0 wo 4. 200 wi42 eid 14s 
0 12.8 11. OS 1 445 1. 0872 124 
wo 5. ¢ 13. 20 113 1. 12 132 
( Is 4 ~ 9 1. 193 143. 2 
Tut 21. 1 Is 2 1. 2659 151.9 
{ 4 ee. 24 ! } 1. 3308 hs 
wt 0 i. 12 1] 1 4007 1H. 2 ws 
a5 0) 24 4 ; j is 1. 4804 177 
wit 2.2 t 2 1. S409 Ist. 0 ‘ 
; 2 Is ‘ L.o17s 144 
wht 77.8 wy It ‘ 1. (454 202. 1 
lt Tt Hit 7. Oo 17% 4 2 
eiimi 4 i s | sIs4 1 sill 217 
he i. 1 “i 4 1 SS] 1873 24s 
2 ix. ST. SN 24 Ws 240 
Obtained from International Critical Tables, vol. 3, p. 210-12 (1926 ed 
In the first 7 entries 3.0000 was added to the logarithm for easier mathematical handling. 
Log milligrams per liter at 70° | log Vapor pressure minus log conversion factor 


4. Middle Disk 


The middle disk is shown in fivure 3 On the outer 
rim of the disk are located a pressure scale, an altitude 
scale, and two marks labeled I-12 and }'-22 The 
pressure seale, which is marked Comparison Pres- 
sure (P extends about three-quarters of the wa 
around the disk. Intervals of this scale are propor- 
tional to the effect of a gage pressure on the fugacity 
of water in the gas, and include corrections for the 
reduction of the fugacity of water vapor in the gas 
phase at high pressure and for the differences between 
vage pressure and absolute pressure. The scale was 
constructed by lay ing off angles corresponding to the 
logarithms of the adjusted absolute pressures, lL e., 
P1i—AP+—K’'P*) instead of PP. Each point is 
marked with the corresponding gage pressure 
absolute pressure minus 14.7 psi Data used in the 
construction of the pressure scale and other details 
are given in table 3 

The altitude seale is used to correct 
HW when ?. is atmospheric pressure at a high altitude 
and is not directly measured The correction is 
accomplished by subtracting an angle that 
responds nearly to the logarithm of the ratio of 
atmospheric pressure at the elevated altitude to 


the value of 


cor- 


to atmospheric pressure at sea level. The constry 
tion and use of the seale will be explained more full 
later 

The two marks labeled F-12 and F-22 are us 
in connection with moisture determinations m Freor 
12 and in Freon-22. Their use is explained in se 
tion 8, dealing with conversion of units 


5. Small Disk 


The small disk (fig. 4 
scales, indentical in angular intervals with the con 
scale on the middle disk T! 
pressure a seale Is adjacel 
the disk TI 
_ seale is arranged fo 


contams two pressul 


parison pressure 
Inher, or saturation 
to the temperature 
outer, or test gas pressure (2? 
convenient use in connection with the compariso 


scale on base 


pressure scale on the middle disk, but the sequence: 
numbers and their logarithms runs in the opposit 
direction. Each seale is the reciprocal of the othe 
that is, an angular displacement in the direction | 
increasing readings of one scale produces multiplic 
tion, and angular displacement in the direction | 
increasing numbers of the other results 

division. The small disk 
temperatures from —30° to — 100° F marked Fros 
Point below —30° F. It is, in effect, an extensi 
of the temperature scale on the base disk and is ust 


scale 


also carries a scale 
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yv setting the temperature of mterest at the 30 
nark of the temperature scale and reading the 30 
nark of the frost point scale. Data and other details 
for the three scales of the small disk are cviven in 
table ! 


6. Mathematical Operations 


The actual mathematical operations involved in 
solving eq (1) for W with the computer nre (a) 
livide WY, by P, by subtracting the angle correspond- 
i to the logarithm of P?, from the angle correspond- 
ag to the logarithm of Wy, (b) multiply by P,P, by 
dding the angle corresponding to the difference be- 
ween the logarithm of 14.7 Gf P, is atmospheric 
pressure) and the logarithm of P,, and, (¢) multiply 
w P. by adding the angle corresponding to the loga- 
thmof 2... CAI pressures involved in this operation 
we the adjusted pressures obtained by multiplying 
the absolute pressure in pounds per square ineh by 
Ine factor |] AP Kk’ P?) When P is greater 
than atmospheric pressure, multiply by P,,/14.7 by 
adding the angle corresponding to the difference 
between the logarithms of P (not adjusted and 
14.7 

Problem 1 will serve to illustrate the most common 
ise of the computer, 

Problem 1: A high-pressure test gas containing an 
nknown amount of water (W,) is matched with a 


comparison gas that is saturated at a pressure of 1,000 





Fugacit es not enter the correctior lensity for pressure, and the change 
be assured to be | ] W he lewpoints are caleulated, the etTect 


icity must be considered, and Py is to be “‘adjusted”’ like 
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Figure 4. Upper (small) disk, 


psig’ (?,) and at a temperature of 60° F (7). 
Identical readings of the indicator show that the two 
gases have the same fugacity, that is, each is in 
equilibrium with the same third phase, when the test 
gas is ata pressure of 6,000 psig (P,) and the gas from 
the saturator is at a comparison pressure of 40 
psig (P?.). What is the water content (W,) of the 
test gas when expanded to one atmosphere at 70° F? 
Solution: Opposite the saturation temperature (7°) 
of 60° F set the saturation pressure (P,) of 1,000 
psig. Without disturbing the previous setting, set 
the 0 of the comparison pressure scale (?.) opposite 
the test gas pressure (P,) of 6,000 psig. Opposite 
the comparison pressure (P.) of 40 psig read the 
water content (W,) of 0.0058 mg/liter at 70° F. 
A second use of the computer is in the determination 
of temperatures of condensation (dewpoints or 
frost points), as will be illustrated by problems 2 
and 3: 

Problem 2: What is the frost pomt of the gas 
considered in problem 1 when (a) discharged at 
atmospheric pressure, (b) reduced to a pressure of 
100 psig? Solution: (a) Bring the right-hand edge of 
the wide tab to the water content at atmospheric 
pressure and 70° F, 0.0058 mg/liter. Opposite —30 


on the temperature scale, read 81° on the seale 
indicating ‘frost point below —30° F.” (b) Bring 


the zero of the P. seale (the right-hand edge of the 
narrow tab) to 0.0058 mg/liter. Bring the right- 
hand edge of the wide tab to 100 psig on the P. 


scale. Opposite 30° of the temperature scale 


‘ Psig is the abbreviation for pounds per square inch gage i. e , above baro- 
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on the scale indicating “frost point below 


3: Gas at a pressure of 100 psig ts satu- 


Set 


What will be its 
Solution 


LOO 


psig of the saturation pressure scale opposite 90 
of the Temperature scale. 
saturation pressure Seale, read 40° F, 
it 4 psig. 

In a problem like those above, the test gas can be 
air, oxygen, nitrogen, or even Freon-12 at a pressure 
nearly up to its point of liquefaction, and the com- 
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Data for comparison pressure scale on middle disk 


s corrected for deviations from the ideal gas laws, but is marked with 1 
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four gases have negligibly different properties inso- 


far as they affect moisture determinations. 


Further, 


the test gas can also be Freon-22, which does not be- 
have like the others except at low pressures, provided 


certain restrictions are observed. 


For Freon-22 at 


pressures up to 30 psig, the computer will give mols- 


ture readings directly with negligible error. 


A | ve 


| 30 psig, the readings become progressively erroneous 


| with increase of pressure, but they 
for any single pressure, 
section on conversion of units. 


‘an be corrected 


is explained below in the 
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TABLE 4 


Data for scales on the small disk 


Saturation Pressure, P,, Scak 


The ration pressure, P,, scale is the same as the comparison pressure, P., scale except that it reads only to 4,000 psi, and some of the labels are omitted 
Label 0, 10, 20, 50, 100, 200, 500, 1000, 2000, 4000 
rest Gas Pressure, P's, Scak 
The t 4S pressure, P,, scale is the reverse of the P. and P, scales The P, seale starts at the same point is tl P, scale (20.1 but it is laid out counterclock - 
icp SOT labels are omitted 
™ Label 0, 10, 20, 30, 50, 100, 200, 300, 500, 1000, 2000, 6000 
Frost Point Below 30° F Seak 
The scale is a continuation of the temperature scale arranged for convenient subtraction of angles from the point 30° F of that seak 
; Conver Log con 
, Vapor Log vapor Log mg Angle Angk Label 
remperatur pressure pressures — —— ver liter \ B on seal 
pr I factor factor I " 
i] ( mm He le deq 
M) 4.5 0.1777 2. 2497 1.02 0. O0OS6 2. 2411 any 21 0 
85 1.2 t25 2. 1216 2.1130 254 ith 
4) 10.0 aunt 1. YSSO 1. ¥704 237 7) 1) 
i 42.5 OOS2 1. 8338 1. 8252 219 71 
A) $5.6 0497 1. 0904 1. OS7S 202 SS ) 
55 is. 4 0860 1. 5568 1. 5477 Ist) 104 
mw 51.1 O25s 1.4116 1. 4030 167 123 iw 
th 53.9 OLS0 1. 2553 1, 2467 1 140 
70 6.8 0124 1. 0984 1. OS48 130 img 70 
7 59. 4 OQOST 0. 9395 0. 9309 112 178 
~) 62.2 O59 7708 7622 2 108 x) 
5 65.0 Oo40 mri 5 l "14 
Ww 67.7 (27 4314 4228 l 234 ”) 
rhs 0 OOTS 2543 2407 1) 2h) 
100 73.2 ool2 O792 O706 s 282 100 


,:dded to logarithm for easier mathematical handling 
log conversion factor 
1) mark on the 


sO tkK wus 
b Log lligrams per liter log vapor pressure 
¢ The angles in this column are oriented with respect to the 


7. Correction for Altitude (or Abnormal 
Barometric Pressure) 


The various pressure scales involve the reduction 
of gage pressures to absolute pressures and are correct 
only when the barometric pressures is 14.7 psia, the 
normal pressure at sea level. When the barometer 
differs significantly from normal, a correct result can 
be obtained by adding the barometric pressure to 
each pressure reading, subtracting 14.7 psi, and using 
the corrected pressures instead of the observed ones 
on the computer. 

As an example of this correction and at the same 
time of the convenient use of the outside seale as a 
slide rule, assume that the gage readings of problem 
| were obtained when the barometer reading was 600 
mm of mercury instead of the normal 760. The 
instrument will first be used as a slide rule to convert 
the pressure in millimeters of mereury to pounds per 
square inch. Set an edge off one of the tabs as a 
marker over 760 (multiplied by any convenient 
power of 10) and an edge of the other disk over 600. 
Rotate the two disks together until the first marker 
reads 14.7. ‘The second marker reads 11.6, the baro- 
metric pressure in pounds per square inch. The 
difference between 14.7 and 11.6 ts 3.1 and is to be 
subtracted from each gage reading. 7, becomes 
996.9 psig, 2, becomes 5,996.9 psig, and 7. becomes 
36.9 psig. When these corrected pressures are used 
and the setting otherwise made as before, the reading 
obtained is 0.0053 mg/liter. In this case the cor- 
rection of P. is the only significant one; the others 


temperature scale on the base disk 


Angle B=200°—angle A. 


are outside the limit of accuracy of gages or computer 

The ordinary variations of the barometer at any 
one place can usually be neglected. Often the differ- 
ence between the prevailing pressure at a testing 
station and sea level cannot. Corrections to sea- 
level conditions can always be made by the method 
described above, but this takes too much time when 
routine tests for compliance with a specification are 
being made. In the most convenient procedure for 
testing the dryness of compressed gases, the ‘“‘com- 
parison” gas is saturated at about 500 psig and is 
passed over the detector at or only slightly above 
atmospheric pressure to obtain 2... The sample is 
then passed over the detector and its pressure, /,, is 
adjusted until the galvanometer reading is the same 
as that of the comparison gas at /’,. 

Substantially all Government and many commer- 
cial specifications limit the water content of “dry” 
gases to 0.02 mg (20 ug) per liter after expansion to | 
atm at 70° F. A seale, marked Alt. Correction, 
has been added at the lower end of the P, seale by 
the use of which a gas that just meets the require- 
ment of 0.02 mg/liter will show the same analysis 
under average pressures at each altitude. The scale 
was obtained by comparing, for various altitudes, 
the concentration of water corresponding to the same 
set of gage readings when reduced to absolute pres- 
sures and entered in the general eq (1). For ex- 
ample, when a gas containing 0.02 mg/liter at 1 atm 
and 70° F is measured by the procedure described 
when the barometric pressure is normal for sea level 
and the temperature is 70° F, the gage readings 
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are 2?,=500 psig, P?,—445 psig, ?.—0 psig. The 
normal barometric pressure at an altitude of 10,000 
ft is 10.1 psig instead of the normal 14.7 psig at sea 
level. By substituting corrected absolute pressures 
for the same gage readings in eq (1), we obtain, for 
seu level, 


We 


W14.7)014.7 
514.70 —515 A + 26523. 4)(459.7) 1 — 460A 211604"). 
and for 10,000 ft, 
W 
W.10.1)(1 4.7) 
510.1(11—510 A + 26010A ’)(455.1).1— 455.4 + 207034 ’), 


from which 
(WV 70] 
. { : 
(iM ; 
Hence, the 10,000-ft mark of the altitude correction 
Is placed atan angle below the zero of the correction 
scale corresponding to the logarithm of 10.701 
Table 5 shows the water contents corresponding to 
identical sets of vauge pressures expressed is fractions 
of the water content at sea level computed in this 


manner The alt. correction scale can be used with 


sufficient accuracy for most purposes if the com- 
parison pressure is kept near atmospheric. However, 
when the comparison pressure is large, the alt. 
correction seale should not be used, but the gage 


pressures should be corrected for the abnormal 


barometric pressure, as deseribed in the illustrative 
| 
problem 

Table 6 shows the errors that 


result from failure 


to correct for altitude and from the use of the alt. 
correction scale in a number of typical causes The 
last column in the table shows the correct result, 


computed from the basie eq (1 


8. Conversion of Units 


The quantity of water in a gas is designated at 
various times and for several reasons by a variety 
of systems and units. It is often 
convenient to convert from one svVvstem to another. 


Hecessary or 
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TABLE 6. Corrected and content TT 
Gases producing selected sets of gage readings at If WO feet 
and a te mperature of 70° F 


Observed gage reading Computed value of Wo (ug 

I Pp I Uneorrected Corrected by Cor ted} 
for altituck Alt” scule 
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The computer is designed to facilitate, 
interconversions among the following: 


particularly 


|. Weight of water per unit volume of 
standard temperature: 

a. Milligrams per liter at 
identical with ounces pet 
feet). 

b. Pounds per 10,000 cubic feet 

2. Weight of water per weight of gas: 

a. Parts per thousand when the Yas is alr, 

b. Parts per thousand when the gas is Freon. 
12. 

«. Parts per thousand when the Yas is i reon- 


)) 


wus ata 


70 I ulmost 
1.000) cubis 


3. Vapor pressure of water. 

$. Dewpoint (frost point below 32° F 

5. Relative humidity. 

6. Percentage by volume of vapor in vas 

The angular width of the large tab, on the small 
disk, is such that when the right edge (the 0 of the 
Po and P, reads milligrams per liter, the left 
edge reads pounds per 10,000 cubic feet of gas on the 
The angular width is 
corresponding to the 
table 


scales 


outer seale of the base disk. 
24.7 which is the angle 
logarithm of the factor for the conversion (see 
if) 

The angular width of the narrow tab, on the 
middle disk, is such (9.5°) that when the right ede 
the 0 of the P, reads milligrams per liter of 
air, the left edge reads parts per thousand parts by 


sea le 


weight of air. 


The narrow tab can also be used for reading 
milligrams of water per liter of gas at a definite 
pressure when the gas is Freon-22. The ang lar 


width of the narrow tab is such that when the right 
edge reads the apparent water content in milligrams 
per liter ata pressure of 120 psig, the left edge reads 
water content in the same units at the 
in Freon-22. This is an empirical 
relation discovered when using the 
determining water ino the refrigerant in 
Not contemplated in the design, it is nevertheless 
useful when working with this particular material 
For pressures up to 30 psig, as mentioned above, 
the computer will give directly a close approximation 
to the correct moisture readings for Freon-22. When 
the zero of the comparison pressure scale indicates 


the correct 
same pressure 
computer for 
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TABLE 7. Data for tabs and for window slots 


Middk 
Narre . 
( ts milligrams per liter to parts per thousand by weight, if the gas 
version factor 
e Conv. factor 
Angle _. 
ith of tab 
Right edge 
Left edge 
la 
( milligrams per | | t t A 
ver n fact 
col factor 
Angie 
( S mill I i | I usu t ‘ ‘ 
ver rh fia 
i it ic 
Ang! 
W 
( i 1) wer cul 
( ve u“ 
i ( wt 
An 
Widtl } 
RK 
Le 


nilligrams per liter at 70° F, the 5,000 mark of 
he sane scale elongated lo aid the MLemory indi- 
ates percentage of water Vapol by volume. This Is 
nother fortuitous coincidence 

The two marks labeled F-12 and F-22 are used 
oconvert milligrams per liter to parts per thousand 
y weight (and parts per million, by moving the 
ecimal point mentally) when the gas is Freon-12 
Freon-22. The angular distance between each 
beled mark and the O mark of the comparison 
ressure scale corresponds to the logarithm of the 
factor of conversion When the 0 mark reads miulli- 
sams per liter, the appropriate labeled mark reads 
arts per thousand by welght 

The vapor pressure of water in millimeters of 
ercury is numerically equal to 1.017 times the 
imber of milligrams of water per liter at 70° F 
The difference between this factor and unity ts 
eadable on the computer, but is so small it can be 
eglected In many cases, and the outer seale read 
lireetly as Vapor pressure 

If the water content is less than 1 mg liter, the 
ewpoint is read directly on the temperature scale 
der milligrams per liter on the outer scale. If the 
rater content is more than | mg liter (at about 
F), the numbers on the outer scale must be multi- 
hed by 1LOO0O to correspond to the dewpoint frost 
wint below 32° F) on the adjacent temperature 
scale If the right edge of the w ide tab. on the upper 
lisk, is brought to the water content in milligrams 
per liter on the outer seale, the frost point is read on 
the scale marked ‘Frost pot below 30° FF” at 
the lowest pom 30° F) on the temperature scale. 
The decimal point must be watched carefully in this 


Disk 


rhe conversion is accomplished by dividing milligrams jx 
1. 2) (based on_det 
0. 0792 , 
9 5 
9.5 
20.1 
106 


operation; it is not taken care of automaticalls 
Compare with problems 2 and 3. 

The relative amount of water in gases under two 
conditions 1s ascertained by finding an angle be- 
tween the points representing concentrations under 
each condition This angle can be set readily as 
that between the edges of the two protruding tabs 
Then, if the middle disk IS rotated, the small disk 
is carried along without disturbing the angle until 
one tab is above 1.0 of the outer seale on the base 
disk The other tab then reads directly the ratio 
of concentration of water in the two cases If one 
of the two conditions represents saturation, the ratio 
found is “relative humidity” as the term is ordinarils 
used. 

Data for constructing the two tabs and the slots 
through which the temperature scale on the base 
disk is read, and for laying off the two marks labeled 
K-12 and F-22, are given in table 7. 


9. Construction of Computer 


The initial step in constructing the computer in- 
volves the making of large-sized ink drawings of 
each disk of the computer. These drawings are 
reduced photographically to the desired size, and the 
negatives are used to prepare stencils for use in an 
offset-printing press. The sections are printed on 
heavy white bond paper, and are permitted to dry 
overnight. The dry prints are cut out and trimmed 
with the aid of a special cutting tool similar to a 
beam compass, but with a sharp cutting edge instead 
of a drawing point. The cutouts are sandwiched 
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between two lavers of plastic for better wearabil ity 
and easy handling. The sandwiching is perform ed 


ona laminating press, which ses heat and pressure 


to effeet the bonding. The laminated sections 
eut out and trimmed with the special cutting tool 
The center holes ure drilled drill 
being taken to center the holes accurately T he 
three disks are assembled and a metal rivet 
to hold them together. 


on a press, ¢ 


Is used 
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‘Vibrational Constants of Acetylene-d. 


Harry C. Allen, Jr., L. R. Blaine, and Earle K. Plyler 


Phe infrared speetrum of acetvlene-d») has 
microns: Phe new data have enabled a cor 
only the sti hing modes are excited It 


present between the vibrational levels 
( | Phe new 
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1. Introduction 


Phe infrared spectrum of CLD, has been studied by 
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Ile obtammed an excellent 


| 


] 
eeveril workers 


served nnd the photographie 
value of 
Vibrational constants 
thre 


Subsequently 


Irareay reborn 


but hus efforts to evalua « 


an tsuflierent knowledge of 
elengths 
published, mm detail, then 
trum OOO to «SOO 


rved 


yer hampered hy 
spectrum oat lonvet Wil 
nnd Ntelsen [2! haw 
| from 


9 bands 


ensurements aot) ( sp 


dot yse which 


Wool kel ~ 


ere Pore than enou ry to evaluate the constants im 


‘ quadrati CN Pression lor the Vibrational energy 
Unfortunatels the constant they deduced do not 
satista torily aecount for the Irequenetes inno the 
hotovraphyn reviol lt ay heved tliat thre dith 
Itv arises from a second-order resonance due to the 
reg ality of nha because such an effeet has 
( found i the spectrum sh of C 1 Further 
ore. 2 new analysis of the band, 3 near 2167 
m! places this band center one line spacing highet 
an the previous work |4 As the determination of 


he frequenev of yy. whieh is not active in the infrared 
( pends aires thy on the Prequeney of this band, a new 
band center for this band leads to a new frequeney for 

This work was undertaken in order to obtain a 
more complete understanding of the C.D, spectrum 
the the 


suspect d resonance interaction 


view of new value obtaimmed for and 


2. Experimental Procedure 


The spectra were recorded on the two grating in- 
struments of the Radiometry Section |5, 6 The gas 
was prepared by M. Hellman of the Polymer Struc- 
ture Section of the Bureau. The gas contained a 
small amount of CLHD | percent), which was not 
sufficient in quantity to interfere with the observa- 
lions of the © 1). The region | to 2.8 u was 
scanned wit ha 6-m cell and a pressure of 62 ¢m Hy 
and thi Was scanned with a l-m cell 
and 2S-em pressure Seventeen regions of ab- 


bands 


region 35 to 5 u 
Hy 
sorption were observed, and some sections contained 
several overlapping bands. The pressure of the gas 


States Atomic Energy ¢ 


Vibrational constants en: 


Work tf 


bene vestigated he region ft 
sistent rpretath ttt 16 bands 
shown that there is a res i ra 
ind 2 2) analogous hat } 
tt enicula tT Da 1 ¢ uu i 
enters By combining the photograp! 


0.84770 ( 


= found that & 


was varied for the different regions so that both the 
weak and the strong lines could be measured 
pressures in the slow-speed measurements ranged 
from | to ll em (He 


The frequencies of the rotational lines of the bands 


mensured DV usma thre white-light fringes of a 
Perot interferometer 


vr of about 0 


Were 
Fabry | 
fem Th 
termined in wave! 


scale with a spacin 
ol the tringve s\ 
, 


by using thre 
lines of the n 


stem were ai 
wavenumbers of well-known em 
rb 


oases The emission lines 


svstem, and the absorption spectrum were ecoraed 
oOhawtcwo pen recorde! The absorption spectrum and 
the emission Spectrum were detected ty\ Pbs wna 


cooled Pb Te cells 
a LP2S photomultiplier 
As an vample Ot thre spe 


and the fringes were 


recoraeda.: W 


trum of C.D... a recorder 


trace on white paper was made of two regions 
fern 1 is s| OW! thre absorptiol bana Ol ot ot thre 
stretching vibrations, The band center is at 


2 459.24 cm lt is overlapped by the weaker hot 
banal at 2.433 7Oem 


for the combination band », 


Figure 2 is the 


It is overlapped 


trace obta ned 


two weak bands, 
3. Rotational Analysis 


The bands were analy zed by first UssiIvgning Pm val les 
to the observed absorption peaks. An equation for 
each J-value was then obtained of the form 


tL )n 


where mJ 
P-branch 

solved yy the method of least squares for the best 
estimates of », B’, BY’, and D). The calculations were 
carried out on SEAC the NBS electronic compute! 
The observed line frequencies and rotational assign- 
ments are given for several of the stronger bands in 
table 1 Blank spaces correspond to lines too weak 
to measure precisely or to lines badly overlapped by 
lines of hot bands or atmospheric water-vapor ab- 
The results of the analyses are given in 
The six strong bands in the photographie 
These bands were 


1 for the R-branch and m J for the 
The set of equations for each band was 


sorption 
table 2 
infrared region are also included. 
reanalyzed in order to have a consistent set of anal- 
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vses for a determination of By and 1. The By and DP) There is a wide spread in the individual values 


values varied somewhat from band to band as can be 
seen from table 2. This variation is believed to arise 
from blended lines that could not be completely elim- 
inated. The By estimates were combined cel 
best estimate for the constant An average estimate 
was obtained by weighing each value according to the 
Such 


to a 


an 


‘ 


0 OO007 


reciprocal of its estimated variance 
averaging process gives BR O.S477' 
as a best estimate where the quoted uncertainty rep- 
resents one standard deviation. It should be empha- 
sized that the uncertainties quoted here and in table 2 
are essentially an indication of the internal consist- 
eney of the measurements They do not mean that 
the absolute frequencies of the band centers are 
known to the precision indicated, although the fit 
for the over-all spectrum would seem to indicate that 
the absolute frequencies are known to better than 
0] 


em 


em 
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obtained for J. The quantity J) ts extremely smal 
and such a spread Is to be expected, especially Sil 
the analy ses could not be extended to high -J-values 


An average value of JJ was obtained in a mann 
analogous to that used for ,, giving 1) (7.04 
0.63 10-7 em 

From the bands at 2.439 em 1190 em aul 
6.868 em values for ay, a, and a, were determine 
as O.O05SS O.00003 em ~*, 0.00316 OOO003 em 
and 0.00442 ~ 0.00002 em respectively. Unfor- 


tunately these constants do not predict the exeite 
state inertial constants as well as those suggested bi 

after the has 
been applied. This is a bit puzzling because thes 
values are apparently more reliable than for 
he did not allow for the effect of anv resonance I 
his work, and the present values were determine 
from levels involving fewer quanta of excitatior 


Saksena, even resonance correction 


his, 











1Q2s 


") 


TABLE l. 


167.481 
PUI 
4 J 
2 4 
r} , 
2151. 74 
2149.04 
«148. Ie 
J146. 2 
2144.4 
2142. 4 
2140.7 
- = Ne 
4 t ; 
2134. 97 
y 
20 


Wave numbers of lines in C.D. hands (cn 


2440. 87 














2449. 2 sn) 4 
2450. St 4) ~ ti~ 
2452. 4 1A) * 17s. 4 
2454. 1 242 i i ] aiat 
4 2423. tt La 174.75 
24 2s 2421.58 $AIs. Le 41,62. 4% 
245s, Ht 24). pe 72 
24 44 2418. ot i 24 i o 
2462. (0 24h. $212. 72 j . 
4 s 2414. 4214.18 ' 7 
24 2 2412. 12 { ‘ 
406, 69 4 $2 t161. 68 
2458. 2 2400. 2 1215. 4s 154 
2480. 74 24 . 1210. 8S " 
4 s 24 { $221. 2 ' . 
iT2. si D4 22) 2 ‘ 
24 ‘ ‘22 “4 “ 
} 2300s ag J 4144 7 
{ ' j ~ ae ~ 414 
247s ” Ve tas © 
24s z) 2s ; . 
is] #4 230) ~ 2 tl4 
24s $2 . $139. 52 
2484. 49 2iss. 4s 12 a ~ 
1s ; ~ . } } i 
24s s e384. 72 
4 ‘ Ns 


281 


. 








4. Vibrational Analysis 


band center of 1 v together with the 
measured value [2! of 537.81 em 

to determine the infrared fundamental 
In order to obtain enough band 
centers to evaluate the nine involving 
only the stretching modes in the vibrational energy 


The new 
previously 
is sufficient 
vy, as 2,705.29 em 


constants 
eXpression 


Ww 
se — —— 


% %0; > > 4 , ) 


it is necessary to use some of the bands observed in 
the photographic infrared However. with 
exception, these are just the bands whose excited 
states were suspected of having Inter- 
The criterion for the 
two energy levels have quantum numbers 7 
ane y » 4 ys In order to eliminate the 
resonance effects so the A 's could be determined, 
only the average of the levels suspected of resonating 
In this way 9 equations can be formed 
the 9 constants in (2 
are given in table 3.) A straightforward evaluation 
of these constants leads to the values given in table 4 

If one the observed enere, levels by 
using found that the levels 
suspected of resonating are not predicted correctly, 


one 


resonance 


actions resonance = is that 


were used 


to evaluate These equations 


calculates 
these constants, it 1s 
thus confirming the presence of the resonance inter- 
netion The results of such a calculation are v1vel 
for unperturbed levels Ith table 5. column » 


Parte 3. Equa 8 pera } 
('.—D 
\ 
\ 
HOS \ \ \ 
\ \ \ 
JSS \ \ \ 
“ \ i\ \ \ \ \ 
‘ \ \ \ \ \ \ 
\ \ \ 
\ \ \ \ \ \ 


PARLE 4 lL vhrational constants of C.D 


is \ \ 
\ \ ~ ON 
\ ~ ~ 
\ \ 5 
iH Inf 1 ar I 
DD. \ ( I New Y -. eo 4 ] 
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The theory of this second-order resonance |ias beep 
worked out adequately and is in the literature 3.8 


It is found that the matrix element connecting the 


resonating levels, toa second order of approximation 


” 


where to this degree of approximation, y is a constant 
which depends on the coefficients of the cubic and 
quartic terms in the potential-energy expansion. |; 
the case of C,D,, it is found, as was found for wate 
vapor [9] and hydrogen evanide [10], that y is also 
a function of the vibrational quantum numbers 
The presence of 7, >0 in a pair of resonating levels 
seems to have a verv marked effect on y¥, 
pairs of levels in which +, 
for by aconstant 4 When more bands ure available 
a dependence of y on 7, and 7, will undoubtedly be 
found. The expression for y given in table 4 gives 
the fit shown in table 5. Column 4 gives the band 
centers after the resonance correction has been ap- 
plied to the upper-state levels. The bands with upper 
states that va bracket. |) 
cases where only one-half the resonating pair has 
been observed, the other half has been calculated 
and meluded in the table The fit obtained in this 
work is superior to either of the two previous deter- 
minations with the exception of the bands, (0,05 
and (2.0.3 The possibility of wrong assignments 
is extremely unlikely. The difficulty is believed to 
arise from the omission of terms cubte in the vibra- 
tional quantum numbers from eg 2 Kor imstane 
a coefficient of 7 as small as 0.1 em~! would make a 
difference of 12.5 em~' in the ealeulated value of 
the (0.0.5) band and drastically affect the perturbe 
levels With present data, it Is possible lO 
evaluate the cubie terms in eq 2 It is felt that 
the excellence of the fit for other bands is sufficient 


althoug} 
Q seem to be accounted 


resonate are indicated by 


hot 





justification for the inelusion of the resonance 
Interaction 
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js a vesult of the analysis of several hot bands 
» the course of this work it is possible to evaluate 
gme of the interaction terms in eq (2) between 
she stretching modes and the bending modes. For 
sampl Irom v and v Vs Vs, ee can be obtained, 
nd from 3 v;+v,—v, the sum of No, and », ¢ ean 
m obta ed Likewise from. yp and v Vs a value 
for vs cant be obtained. The interaction terms that 
ould be determined unambiguously are given in 
rable } In addition, ?- and ?-branch transitions 
sere resolved for several bands involving v} and » 


for whi only (-branches were previously reported. 
The band centers of these bands are also listed in 
rable Only bands for which improved values 


It is felt that there 
and v- are excited, 


ould be obtained are included 


ire not enough bands, in which Vs 


iomake it worthwhile to evaluate all the anharmonic 


nd interaction terms at this time. It seems highly 
kely, as are separated by only 27 em 
hat there should also be 
wtween levels with quantum ahs 
nd hyd Ms 2,4 é Such an interaction. if pres- 
nt, cannot be found in the presently available data. 
though this work accounts for a large part of the 
there is still much work to be done before 
he spectrum is completely This will 
ave to await the precise measurement of a sufficient 
mber of appropriate bands 


Vs and V 
il second-order resonance 
numbers (ey 7srerW 

) ° *) 


understood. 
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Heat Capacity of Polyisobutylene From O° to 380° K’' 


George T. Furukawa and Martin L. Reilly 


Measurements of the heat capacity of polvi 
weight of 1.35 10° were made from about 14° t« 


Che glass-transformation temperature was estimated to be 199 
capacity above the glass-transformation temper: 


by 


( abs j deg ly O.S44 


The data were used to obtain smoothed va 
Gubbs free energy from O° to 380° hk 
1. Introduction 
This paper deals with one of a series of heat- 


apacity Investigations on rubber polymers and _ re- 
ated substances to obtain thermodynamic informa- 
on. Ferry and Parks {1] ~ measured the heat capac- 
trol poly isobut \ lene ofan average molecular W nol 
fabout 4.900, as determined from crvoscopic meas- 
ements LIS to 2BOS iN The 
eat-capacityv measurements presented in thus paper 


in the range from 


re made from about 14 to SSO K ona polviso- 
itviene sample of the viscosity average molecular 
ht of 1.3510 The results above the glass- 


ransformation temperature (199° KY) were found to 
representable within 0.2 percent by a quadratic 

The data were table of 
smoothed values of heat capacity, enthalpy, entropy, 


nd Gibbs ree to SSO Ix 


juation sed to obtain a 


energy trom 0 


2. Apparatus and Method 


I} 


wv measurements of the heat Capacity were made 


means of an adiabatic calorimeter similar in dle- 
en to that desertbed by Southard and Brickwedde 
y. Details of the design and operation of the 


orimeter and accessory apparatus have been given 
by Seott et Briefly the experl- 
ental method was as follows: The polymer sample 
as Sealed ina copper container provided with vanes 
o promote rapid dissipation of heat and with a central 
el 


eviousl\ ul ) 


thermometer and 


Wiis 


for a platinum-resistance 
eater assembly The 
vithin the evacuated adiabatie shield svstem which 
vas Maintamed at the same temperature during the 
eat-capacity experiments that of the sample 
ontainer surface by controlling shield heaters, using 
ultiple junetion constantan chromel-P thermocou- 
to surface temperatures. The outer 
surface of the container and the adjacent shield sur- 
e were gold-plated and polished to minimize heat 
by radiation. The vacuum surrounding 
he container and shield was 10 mm of He or better 

The electric-powe! Input to the calorimeter heater 


Contamel suspended 


iis 


Hes 


Integrate 


transfet 
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sobutyvlene of the viscosity average molecular 
» 380° K by means of an adiabatic calorimeter 
Ix The values of the heat 
iture can be represented within + 0.2 percent 


10-3 7'+ 2.24 K 10-6 T 
lues of heat capacity, enthalpy, entropy, and 
100 ohms) was measured by means of a Wennet 


potentiometer in conjunction with a volt box. The 
duration of each heating interval was measured with 
an interval timer operated on 60-cycle standard fre- 
quency furnished by the Radio Section of the Bureau 
The timer was compared periodically with time sig- 
nals from the Bureau’s Time Section and was found 
to varv not more than 0.02 see for a heating period 
that was never less than 2 min 

The temperature measurements were 
Using a platinum-resistance thermometer mn conjune- 
tion with a Mueller bridge The thermometer was 
calibrated above 90° K in accordance with the 1948 
International Temperature Seale [4], and between LO 
and 90° K with a provisional seale [5], which con- 
sists of a set of platinum-resistance thermometers 
calibrated against a helium-gas thermometer. The 
provisional seale, as used in the calibration, was based 
16° K for the temperature of the 

K for the temperature of the 


made by 


» 


on the value of 273 
point and 90.19 
oxVeen port 


lee 


3. Sample 


The polvisobutvlene investigated Was a portion 
of a large sample designated as Vistanex B-100, 
which had been selected from a regular production 
run at the Esso Standard Oil Co. plant at Elizabeth 
\N. 4. The molecular weights this polymer 
determined from the average of Intrinsic viscosities 
and from the light-scattering measurements have 
been reported by Marvin [6] to be, respectively 


of 


\V/ 


10) 
anid 
\/ 1.56 10 

Information regarding other physical properties of 
this polvmer sample can be found in the reference 
cited [6]. According to the analvsis made by Esso 
Standard Oil Co., the sample contained 0.01 pereent 
of ash and about 0.1 percent of paratertiarybutyl- 
as stabilizer. The sample was used in the 
heat-capacity investigations without further treat- 
mene, 

The polvisobutvlene sample was cut, as im the 
previous heat-capacity studies of polymers [7,8,9] 
to fit between the vanes of the calorimeter sample 


cresol 


| 
s 








After 
at high vacuum for several weeks to eliminate as 
much of the volatile impurities as possible. The 
sample (40.736 @) was finally sealed in the container, 
along with a small quantity of helium gas to permit 
rapid thermal equilibrium during the calorimetric 
experiments 


filling, the sample was pumped 


oOntawel 


4. Results 


The heat-capacity measurements were made from 
about 14 (to SSO KK. The experimental details 
heat treatments, temperature 
the measurements, and temperature drifts are sum- 
marized in table 1. The values of the 
heat capacity are given in table 2 and plotted In 
figure | As in the previous heat-capacity studies 
of polymers of butadiene and styrene [7.8.9] the 
poly isobutvlene sumple was subjected to two differ- 
prior to the heat-capacits 
experiments in order to obtain information on how 
the heat capacity was dependent upon the thermal 
In one limmers- 
ing the calorimeter in liquid nitrogen with helium 
gas in the space surrounding the sample container, 
the polymer was cooled from room temperature to 
90° Ko in about 30 min and to 80° K in an additional 
30 min. By this procedure a large portion of the 
polymer molecules was ‘xpected to be “frozen”” in 
the higher states of energ\ 

In the second series of experiments, 
Wiis cooled slow] over several davs by 
a high vacuum in the space surrounding the container 


concerning range of 


obser ed 


ent rates of cooling 


history series of measurements, by 


the pol mer 
hhaintamimeg 


Pari | Hleat’ treatments and ebservation erth ) 
hutulene. Vistaner R-100 
Demyx 1 | 
l Ire ! eo ‘ 
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and by using different refrigerants successi\ ely, Jy 
the previous heat-capacity studies of lvmers 
[7,9] that did not crystallize, the heat capacity i] 
the region below the glass-transformation (tempera. 
ture seemed to be significantly dependent Only upon 
the rate of cooling in the temperature rat of the 
vlass transformation. The polymer sample concerned 
in this investigation of the glass-transformation tem. 
perature 199° K, was cooled slowly only to 165° K 
and rapidly to lowee temperatures (see table ] 
run 5 The slow -cooling process Was expected to 
allow more time for the polymer molecules to trans. 
form into states of lower energ\ 
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The measurements of run 3, with the sample | to 380° K) above the glass-transformation tempera- 
shock-cooled, showed upward temperature drifts | ture can be represented within 0.2 percent (the 
fom about 144° to 199° K and downward drifts | average deviation being 0.1 percent) by the quad- 
fom about 205° to 219° Kk The results of runs 5 | ratic equation 


and 6, made with the sample slowly cooled, showed 
lownward temperature drifts from 160° to 220° K 
ltseems from these results that downward temper- 
jure drifts occurred in the temperature range from 
205° to 220° Ky, regardless of previous heat 
In run 4, however, when the sample was 
K and 
this 
been 


ibout 
treatment 
ooled rapidly from room temperature to 205 
213° K, no drifts were observed in 
rnge. Downward temperature drifts have 
served above the glass-transformation temperature 
ith polymers that crystallize [7,8]. As the polymer 
melted slowly at certain temperatures above the 
vlass-transformation temperature, heat was absorbed 
accompanied by downward temperature drifts. The 
downward temperature drifts from about 205° to 
20° K observed with this polymer, however, are 
probably associated with glass transformation 
During the initial measurements, the temperature 
drifts m the region of the glass-transformation tem- 
perature were followed for several hours. The results 
ndicated that temperature equilibrium would not 
be attained within a length of time. 
Mmilar observations were made during heat-capacity 
Conse- 


heated to 


reasonable 


measurements on other polymers [7,8,9] 
quently no attempt was made in subsequent meas- 
wements on the polymer to reach temperature 
quilibrium in the region of the glass-transformation 
temperature. However, any reasonable change in 
the time intervals used is considered not to alter the 
general nature of the heat-capacity results obtained 
The values of the heat capacity, in the region (210 
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0.844 +3.03 * 10-°T+-2.24 K10°T? 
The constants were obtained by the method of least 
squares. Although the deviation of the observed 
heat-capacity values from this equation shows a 
small systematic trend, no attempt was made to 
obtain a better equation. 

The heat-capacity data were 
smoothed values of heat capacity, from which were 
derived the values, relative to O° K, of enthalpy, 
entropy, and Gibbs free energy given in table 3. 
The values of the heat capacity below 14° K were 
obtained by extrapolation, using a Debye function 
fitted to the experimental values in the lowest tem- 
perature range. The method by which the derived 
thermal properties were obtained from the values of 
smoothed heat capacity has been described previ- 


used to obtain 


ously [7]. 

Upon consideration of various sources of errors, 
such as reproducibility of the physical state of the 
polymer, energy input, heat leak, and thermometry, 
the uncertainty in the heat-capacity values given im 
tables 2 and 3, except in the vicinity of the glass- 
transformation temperature and below 90° K, was 
estimated to be 0.3 percent. Below 90° K the un- 
certainty increases to 1 percent at 14° K. The 
uncertainty in the values of enthalpy, entropy, and 
Gibbs free energy, relative to 0° K, derived from the 
heat capacity was estimated to be 0.5 to 0.4 percent, 





ree Se ne a a S. Discussion « 
Ferry and Parks [1] previously determined th, Pre 
rs ecRieatis sib heat capacity of polyisobutvlene of the number. 
k tots ie _ average molecular weight of 4,900 from 118° tg 
see 0 0 ‘pe vs K. Pheit results (see fig. 1) are generally about 
. pn to 2 percent higher than those obtained in thy 
+ a v197 Ors present investigation on a polyisobutylene sample oJ 
. . the viscosity average molecular weight of 1.35 19 
1307 ane on a The glass-transformation temperature (197° K 
a 2 3 1074 1 3it reported by Ferry and Parks is essentially the san, 
2177 $. 368 Li 2 62 as that (199° K) estimated from the results of th, 
2439 9 “97 16:3 present measurements, the transformation tempera. 
— ao a2 142 ture being taken as the temperature at the “half. 
oe , 790 240 height” of the upward sweep in heat capacity 
: | = ain The sharp decrease in heat capacity at the glass. 
os - “4 aa po transformation temperature Was estimated to hy 
‘ To > sa7u 12 x2 about 26 percent, This percentage decrease is 
1 3 sae + similar to those found in other polymers previously Tits 
mm 7 investigated [7, 8, 9] called 
siz ? " Wir: | The temperature drifts observed see table | fan. 
GAs “$e a a in the region of the glass-transformation temperature | been | 
. 's 2s and immediately below, were similar to those of } ia wh 
v0). ru polymers previously investigated [7, S, 9]. The | stront 
a a a po -- discussion regarding these temperature drifts that J wm 
38 =e . S7 are associated with glass transformation can. |y Ow! 
found in the references cited [7, 8, 9] plezoe 
“a ~ - o When the polymer sample was previously cooled J years. 
+ Lh rapidly (run 3), the enthalpy change obtained | deetre 
m4 iit A389 6 4 between LSO° and 220° Ko was 53.27 abs j g-': when | relatic 
” Pe cooled slowly (run 5), the enthalpy ehange was 54.77 acters 
' ins ae : abs j g The difference indicates qualitatively the J becau 
, degree of the relaxation effects associated with las: natin 
: transformation under the conditions of the experi J the be 
ments discussed. In a previous investigation [9 omm 
. the enthalpy changes between 195° and 225° Kk, ob F parmeg 
' tained under similar experimental conditions on specifi 
butacdiene-sts rene copolymer containing 2? 61 weight mate 
percent of bound stvrene, were 40.39 and 41.95 ab arbor 
je when the sample Wis rapidly ana slow], cook The 
respectively was U 
5 ratio 
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Preparation of Barium Titanyl Oxalate Tetrahydrate for 
Conversion to Barium Titanate of High Purity’ 


W. Stanley Clabaugh, Edward M. Swiggard, and Raleigh Gilchrist 


\ procedure is described for 


Ba TIO(C,0,).-4HLO, 


preparing 
in which the mole ratio of 


barium titanyl oxalate tetrahydrate, 
TiO, to BaO is unity. To achieve this 


ratio the salt must be precipitated from solutions that do not contain sodium, potassium, 


Or AMMmonrul tons 


Ignition of barium titanyl oxalate tetrahydrate produces barium titanate, 


To prepare 
purified 


1. Introduction 


Titanium forms an extensive series of compounds 
called titanates in which the titanium plays the role 
fan acidic constituent. Of particular interest have 
heen barium titanate, BaTiO,, and various titanates 
in Which the barium has been partially replaced by 
strontium, magnesium, calcium, ete., and the tita- 
sium by zirconium or other acidic metals. 

Owing to the possession of desirable dielectric and 
piezoelectric properties, titanates, in recent 
years, have come into very extensive use in various 
electronic devices In spite of their W ide use the 
relationship between composition and electrical char- 
acteristics has not vet been fully worked out, in part 
because Of the presence of minor components orig- 
ating as impurities in the titanium dioxide and 
the barium carbonate used as starting materials in 
ommercial production, The usual method of pre- 
paring barium titanate dielectrics is to caleme at 
specified temperatures mechanically-ground,  inti- 
mate mixtures of titanium dioxide and barium 
arbonate 

The ultimate object of the work here deseribed 
was to prepare barium titanate in which the mole 
ratio of barium to titanium was exactly unity and 
nwhich the impurities were reduced to an insignifi- 
ant amount. This would enable the ceramic engi- 
neer to determine systematically the effect of vari- 
ws substituting elements on the electrical properties 


these 


nd to arrive at a composition that would reprodue- 
bly give the most desirable product 


2. Preparation of Barium Titanyl Oxalate, 


BaTiO (C.,O,).-4H,O 


Double oxalates of barium and titanium of the 
Bal.O,-TiO(C.O,)-cH.O would be ex- 
pected to vield on ignition a barium titanate in 
which the ratio of barium to titanium is exactly unity 
It has been known for some time that barium and 
titanium form an oxalate, described as a dihydrate, 
aTIO(C.O,).-2H.O. This compound is said to be 
lormed by the reaction of K,TiO(C,O,), with barium 


OMmposit lon 


clear and free of hydrolyzed titanium. 


BaTiO 


barium titanate free of strontium, the barium chloride used must be specially 


chloride [1]2 Attempts to prepare this compound 
were not successful because potassium was not com- 
pletely replaced by barium. The product always 
contained less barium than the stoichiometric amount, 
However, it was found possible to get the desired 
composition by slowly adding an aqueous solution 
of titanium tetrachloride and barium chloride, in 
which the two compounds are in nearly equimolar 
proportion but with barium in slight excess, to a hot 
solution of oxalic acid containing about 10 percent 
more of the acid than required for the desired double 
oxalate. The slight excess of barium and the some- 
what greater oxalate were intended to 
minimize competing reactions that might result in 
the formation of insoluble partially hydrolyzed com- 
pounds of titanium. The salt prepared in this way 
had the composition BaTiO(C,O,),-4H,O. The de- 
tailed procedure used in preparing it in batches of 
240 ¢ was as follows. 


excess of 


2.1. Procedure 


Add 100 ml of highly purified titanium tetra- 
chloride [2], drop by drop, to 100 to 150 ml of distilled 
water which is cooled in an ice bath. If the titanium 
tetrachloride is added slowly to the rapidly stirred 
distilled water, the resulting solution will be perfectly 
Dilute this 
solution to 500 ml and determine its titanium content 
The exact titanium content must be known because 
the quantities of barium chloride and of oxalie acid 
to be used are based on this value. Dissolve 165 ¢ 
(0.675 mole) of barium chloride dihydrate in 1,600 
ml of distilled water and cool the solution to room 
temperature. To this solution add the volume of 
titanium tetrachloride solution that contains exactly 
32 ¢ (0.668 mole) of titanium. The barium chloride 
solution must be stirred constantly during the mixing 
and the temperature maintained at or below 30° C 
to prevent hydrolysis of the titanium. 

Dissolve 185 g (1.47 moles) of oxalic acid dihy- 
drate in 1,000 ml of distilled water in a 4-liter beaker, 
and heat the resulting solution on the steam bath to 
se? © It should be noted that the quantity of 
barium is 1 pereent in excess and the quantity of 


e the literature references at the end of this paper 
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oxalate is 10 percent in excess of the stoichiometric 
amounts required to produce BaTiO(C,O,).-4HLO 
This oxalate solution must be stirred constantly 
during the addition of the solution containing barium 
and titanium The use of a mechanical 
stirrer is recommended Add the barium-titanium 
solution slowly. A convenient way to do this is by 
means of a separatory funnel mounted the 
The rate of addition is readily adjusted by 


chloride 


above 
beaker 
‘means of the stopcock on the funnel 

When the solution of barium-titanium 
first mixes with the solution of oxalie acid, a white 
floceulent) precipitate forms which redissolves on 
stirring. The slow addition of the bartum-titanium 
solution is continued until a dense ervstalline form 
titanvl oxalate tetrahvdrate begins to 
precipitate At this point the rate of addition may 
be increased slightly However, the rate should not 
be increased to the point where the floceulent preeipi- 
tute that first forms will not redissolve and form the 
desired dense precipitate. From 2 to 3 | are 
required for the addition of the 2 liters of barium- 
At the end of the operation ol 
steam 


chlorides 


of barium 


hours 


titanium solution 
mixing the 4-liter beaker is removed from the 
bath and the clear supernatant liquid decanted 
through a filter paper on a Biichner funnel. The 
precipitate is then washed by decantation with dis 
tilled water 5 or 6 times, transferred to the Biichne: 
funnel, and again washed 5 or 6 times with distilled 
water. This will drv in the air and 
produce a fine, dry granular lumps o1 
cakes. The drving may be drawing 
clean air through the salt for 3 to 4 hours 

The foregoing method was used many times in the 
barium titanvl oxalate 


preeipitate 
salt free of 


hastened by 


preparation of batches of 
tetrahvdrate which later were ignited to barium 
titanate The mole ratio of TiO. to BaO, caleuloted 
from the results of the chemical analvsis of the barium 
titanate resulting from the ignition of various batches 
of barium titanyl oxalate tetrahvdrate, is given in 
table 1 


Pat LF | Vols atioo Ti fn ba as cate ated on fhe 
ferminatior of TiO. and BasQOy on O.45000- sam ple 
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3. Determination of Barium and Titaniuy 
in Barium Titanate 


To determine barium and titanium, s; imples oy 
the various batehes of barium titany OXalat, 
tetrahvdrate were first ignited to barium titanat, 
Conversion was done by heating the oxalate salt jy 
furnace at 900° C, for convenience, overnight 
shorter period of ignition would probably hay 
sufficed, but it was more convenient 
night. 


to heat ove 


3.1. Analytical Procedure 

Digest a 0.5-g sample of barium titanate with |: 
ml of concentrated hydrochloric acid by heating 
gently with a burner until the vellow color of 4 
Add 15 ml of water and ly 


solution disappears 
until the sample 


the gently 
completely 


solution Lissol yes 


It was observed that if the amount of basic eq 


stitulent, ono oa mole basis, was equal tO Or Creat 


than the amount of acid constituent the nbove p 


cedure would effect complete solution of thy samp 


Dilute the solution contamine the barium a 
titanium with LOO ml of water and add 50 ml of 
solution of ethylenediamine tetraacetic nerd mac 


by dissolving 1.5 ¢ of the reagent in 50 ml of war 
with enough ammonium hydroxide to effect solutio 
Next, adjust the of the bartum-titaniy 
solution to pH 3.5 to 4.0 diluted) ammoniy 
hydroxide Heat the resulting solution to boiling 
ana precipitate the barium as barium sulfate | 


uqueous solutioy 


neldity 
\\V ith 


25-percent 


This large excess of ammoniy 


adding 2O mi of a 
ammonium sulfate 
sulfate Is hecessary to precipitate thre 
pletely ut pul 3.5 to 4.0 in the presence of the coy 
plexing agent Digest the solution on the streal 
bath until the barium sulfate settles and the sup 
Remove the preci 


barium cor 


hata liquid becomes clear 
tate by filtration, wash it with water, ignite it, weig 
it as BaSO,, and ealeulate its BaO content 

Acidify the combined filtrate and 
20 ml of concentrated sulfurte acid, cool the resulting 
solution to 10° C, and precipitate the titanium wit 
cupferron lenite the and weigh it 
TiO,. 

The use of ethvlenediamine tetraacetic acid int 
analytical separation of barium from titanium 
essential because in its absence barium sulfate, ev 


Washings wil 


precipitate 


when precipitated from strongly acid solution. w 
found by qualitative speetrochemical examinati 
to be contaminated by titanium, When the sep 
ration Was made in the presence of the seq testeriny 
reagent, the qualitative spectrochemical exami! 
tion indicated that the contamination was only 0 
to 0.) percent The value of the mole ratio of 7 
to Ba, when determined on the same bateh of baru 





ital 
han 
f tl 


4, ] 


ola 
reas 
For | 
hlo 
tan 
yf OX 
vill 
mine 
ibou 
amm 
the | 
solut 
alkal: 
oiler 
werd 
Att 
ala 


] 
sO] It! 





sOlLUtl 
mined 
assum 
Ba Ti 
salts 
sum, 
riven 








url 





ethvlene- 
presence 


the absence of 
and 1.000 in the 


Wis 


Htanate 0.99] Ih 
famine tetraacetic acid 
{the reagent. 


4, Effect of Alkali Elements on the Com- 
position of Barium Titanyl Oxalate 


fitanium forms complexes with organic com- 
ounds Sue h as oxalates, citrates, tartrates, ete., and 
bis behavior is made use of to advantage in analvz- 
containing titanium.  lons 
sodium, ammonium, barium, ete., in- 
ease the stability of these titanium complexes. 
for example, if aqueous solutions of titanium tetra- 
hlorid and oxalic acid are mixed and boiled, the 
itanium will precipitate, even though a large excess 
foxalic acid is present. The precipitated titanium 
cil not redissolve ino excess of either 
mineral acid If the acidity of the solution ts made 
out pll 5 to 6 by adding sodium, potassium, or 
ymmontuiM hydroxide, and the solution then heated, 


materials such as 


potassiuln 


organic or 


he titania precipitate will redissolve Qnee oa 
solution of titanium is obtained by digesting with an 
kali oxalate at pu 5 to 6, this solution can be 


viled without the titanium precipitating, even if the 


widity Is increased to a value more acid than pH | 
Attempts were made to prepare barium titanyl 
nxalate 1) adding solution sol barium chloride lo hot 
solutions of alkali titanium oxalate, as well as by 
ddmg solutions of the alkali titanium oxalate to 
ot solutions of bartum chloride In each Instance 
the amounts taken were such that the mole ratios 
vere | barium to L titanium to 2 oxalate. The 


arium titanyl oxalates so prepared were then ana- 


wd. The oxalate was determined by titrating with 
\ potasshuM permanganate nh a perchloric acid 
The barium and the titanium were deter- 

mined as deseribed im section 3 If the difference is 
assumed to be water, the compound had the formula 
Ba TOO), tH.O Results of the analysis of the 
alts prepared by means of the sodium, the potas- 


} 


sorution 


sum, and the ammonium titanium oxalates are 
} ») 
viven il table 2. 
| ) ( 0 i/ 
p , ; ” or 
\l 
BB ) fe) 
CeO ‘) mow 
VV \y 
lt } im r 
- - y 4 “ 2 
. 2 wil Lt 
~ } 2 tn M4 
14 2 iM nt 


The results show that in each salt the mole ratio 
of titanium to oxalate was 1 to 2, within the limits 
of experimental determination. However, in each 
salt the mole ratio of barium to titanium was not 
| to 1, but the titanium was always in excess. Sam- 
ples of each preparation were ignited at 900° C, 
The ignition products of the salts formed from the 
potassium salt) dissolved completely when treated 
with hydrochloric acid, as previousl, described, and 
the solutions were found to contain potassium. A 
similar situation existed in the case of the sodium 
product. The ignited products of the salts formed 
from the ammonium salts did not dissolve completely, 
but left a white insoluble residue, which was undis- 
solved titanium onide. 

The explanation of these observations is that some 
of the barium in the BaTiO(C,O,).-4H.O Is replaced 
bv the alkali element. In the cases of sodium and 
potassium these elements are not lost on ignition 
but form NaoTiO, and K.TIO,, which are soluble in 
hvdrochloric acid. This is not the 
situation with the ammonium compound. In this 
it is TiO, and not (NH,).TiIO, that is formed on 
ignition. This ignited TiQ, is not soluble in hvdro- 
chloric acid. The observation was made that if the 
number of moles of basic constituents in the inited 
titanates is equal to or greater than that of the 
acid constituents, the titanates will be soluble in 
solutions of hydrochloric acid 


solutions of 


cause 


5. Preparation of Barium Titanate of High 
Purity 


ln preparing barium titanate of bigh purity, 
highly refined titanium tetrachloride, specially puri- 
fied strontium-free barium chloride, and = specially 
purified oxalic acid were used. To ascertain whether 
reagent grade barium chloride and reagent grade 
oxalic acid, complying with the specifications of the 
American Chemical Society, would be suitable, 
barium titanate was likewise prepared from these 
reagents. The only difference between the products, 
when tested spectrochemically, was that the one 
prepared with reagent chemicals was found to con- 
tain a small amount of strontium estimated qualita- 
tively to be between 0.01 and 0.1 percent. 

If one desires a product free of strontium, the 
barium salt used must be specially purified to remove 
strontium before making the barium titanyl oxalate 
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A Five-Band Recording Spectroradiometer 


C. S. McCamy 


In a project? undertaken to determine 
the detection of accidental fires in aircraft 


structed to measure and record the 


carbon flames was determined in each spe 


fluctuations in the radiant intensity (flicker 


1. Introduction 


An aeceldental fire in an aireraft: engine compart 
be dealt) with successfully only if the fire 
within a few after it 

detecting fires have 
been unsatisfactory, 


ent can 


s detected seconds starts 


\[ans 
evised but most of them have 


methods of such been 


Wiarily because of Inadequate eoveragve and false 
jarms. Beeause it is so difficult to predict where 
weeldel tal flames will strike, devices. that require 
lame contact can be properly placed only after 


i Because 
eclidental fires may occur in mans places, an exces 
sve number ol such detectors is required for adequate 


etual fire test moa typical installation 


overage 


Devices that radiant from 
ames have received consid rable attention because 


hres anvwhere within a 


respond to the enerey 


single unit can detect 


ve space. Sueh detectors must, of course, be 
able to) diserimuinate between the radiant energes 
om flames and that from the sun or hot engine 
arts lo accomplish this, the use of two charac 


ristics of flame radiation tias been proposed thre 


spectral distribution of the « lerey and the fluctua- 
OMS Ith tlre radiant mtensitv known as “theker.’ 
\lost accidental Crerilie fires involve the burning 


hydrocarbons Although most of the radiation 
rom Ul flames is in the neat infrared, there Is a 
small amount in the visible spectrum and in the 
traviolet Jecause hot engine parts radiate prac- 
eally no energy in the ultraviolet, and because the 
zone mn the ‘arth Ss uppel atmosphere filters out 
solar radiation of wavelengths below 0.29 wu. this 


iterterence from these SOUTCEOS 


\ detector emploving 2 Geiger-Miiller-tyvpe photon 


vion is free of 


ounter, Which is sensitive in a part of this spectral 
region only has been patented 1 | Llowever, 
difficulties such as the ultraviolet absorptance of 


the oil films inevitable in engine spaces have, so far, 
prevented the use of this part of the spectrum 
The characteristic flicker of flames has been used 
to distinguish them by another svstem that operates 
the near infrared [2] Unfortunately, the effec- 


, Air Re 


the properties of flames 
vine Compartments, al 
radiant en 
length regions from 0.23 to 2.5 microns. The 
tral 
vas also dete 


that might be utilized in 
Instrument 
rgv emitted by flames in five separate wave- 
radiant v of several types of hydro- 
regio! The distribution of the 


Wiis COl 


ntensit 
req wney 
rmined 


tiveness of the lead-sulfide cell used co detect radia- 
tion in this svstem is greatly dimimished at the high 
ambient temperatures encountered in engine spaces. 

lt appeared that other parts of the spectrum or 
other flame characteristics might be found more 
useful. In order to explore some of the possibilities, 
an instrument was built to record the radiant 
intensity of flames in several broad regions of the 
spectrum and to determine the frequency distribu- 
tion of the flieker in each region, 


2. Design Considerations 


ive eYIOns of the spectrum were selected on the 
basis of the following considerations 


Because evel 
a thin laver of air absorbs practically all ultraviolet 
radiation at wavelengths shorter than O.IS xg. this 
region appeared to be of no significance in fire de- 
tection The region just below 0.29 uw was of par 
Interest 
free of 


ticular because. us noted earlier. if 
tically 


ference 


Is prac 
thermal-radiation inter- 
Hence, one of the regions chosen was that 
between 0.23 and 0.29 uu Two regions were selected 
the blue region from 0.41 
to 0.55 wand the vellow region from 0.55 to 0.70 mM 
These were selected so that the instrument might 
differentiate between blue flames, which usually 
occur When the fuel is premixed with air, and vellow 
flames, which usually oceur when the air is merely 


solar and 


in the visible spectrum, 


allowed to diffuse into the flame. The = infrared 
region selected extended from. the red end of the 
visible spectrum, 0.70 4, to the long wavelength 


limit of sensitivity of the sensing element, 2.5 yu 
The remaining ultraviolet region from 0.30 to 0.41 » 
was used to complete the spectrum from 0.23 uw inh 
the ultraviolet to 2.5 u in the infrared. Because the 
SCHSIUIN ity of most of the available high-speed photo- 
sensitive devices was limited to the five seleeted 
it was there that immediate practical ap- 
plications seemed most likely, even though most of 
the energy radiated by flames is in the infrared at 
wavelengths bevond 2.5 pw [3 Instruments were 
set up to record the five response signals simulta- 
neously and to measure the frequency and amplitude 
of the flicker. 

The general functional design of the whole in- 
strument is indicated in the block diagram, figure 1 


regions, 
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3. Radiometric System 


radiation detectors 
resistors for the voltage supply, and optical filters 
to isolate the wavelength regions, all ina compart- 
mented enclosure A rear View of the recelvel with 
the back cover removed ts shown in figure 2. The 


The receiver consisted of the 


sensitive areas of the detectors were placed close 

together so that a radiant source could be viewed 

from nearly the same direction by all of them 
Four ol the detectors were RCA tvpe 1 P2S photo- 


multiplier tubes, the other, used for the infrared 
region, was a Kodak Ektron, tvpe 1, lead sulfide 
photoconductive cell with a 4- by 4-mm_ sensitive 


urea 

All of the filters were commercially available except 
the one for the region from 0.23 to 0.29 u This one 
was made up of three liquid solutions in fused-quartz 
a glass filter, as follows 1) 2 em of an 
solution contammg 30 ¢ of nickel sulfate 
per LOO ml, (2) 1 em of an aqueous solution of 5 
10° molar 4,4’-diaminobenzophenone, (3) 1 em of an 
aqueous solution containing 20 mg of 1,4-diazepine- 
2 3-dihvdro-5 7-dimethyvl perchlorate in 100 ml of 
solution, and (4) a Corning glass filter, number 7-54. 

Kasha [4] used a compound similar to that in the 
third cell deseribed above lo isolate this recion but 
found a small amount of 0.347 pu 
The second liquid cell mentioned above Wis used 


eells and 


uqueous 


transmission at 


here to eliminate a corresponding defeet at 0.355 
There no significant change in transmittance 
of the filter during 1 vear of use. 

A Photovolt filter, No. 5264, used for the 
30 to 0.41 u: two Corning filters. Nos. 5-56 
and 3-73. were used for the 0.41- to 0.55-u region: 
a Corning 3-67 filter covered the 0.55- to O.70-u 
region; and a Photovolt filter, No was 
for the region from 0.70 to 2.5 u 

These filters with the corresponding detectors 
produced the relative spectral responses shown in 


Wiis 


Wiis 


region OU 


5263. used 


figure 3 


The field of view of each of the sections of the 
instrument was measured, The field angle Was 
defined as the angle subtended at the receiver, in 


i plane with the normal to the center of the filter, 
between the opposite positions of a small source 
angularly displaced to reduce the response to 90 


percent of the maximum value In some cases, the 
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field angle in some planes was greater than the mini- 
mum values given below The field angle for th 
liquid filter system was about 13°, that for the photo- 
multipliers with glass filters was about 22°, and that 
for the infrared svstem was about 30 
The circuit diagram of the receiver 
supply is given im figure 4.) The high-voltage (plat 
transformer was shielded from the other components 
of the power supply and the connections to this 
transformer and all output leads were shielded te 
prevent induced interference. The power suppl 
provided a potential difference of 700 v, d-c, wit! 
an alternating component of less than 0.001 percent 


ana powe! 
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4. Auxiliary Equipment 


4.1. Measuring Equipment 


of the shown in 


the radio- 


instrument 
In which 


block diagram 


ire | indicates several 
tric response potentials were utilized 
The potentials could be read directly, one at a time, 
a suitable muillivoltmeter This method 
during the preparations for experiments 
luring the radiometric calibration procedure 
In order permanent record of the in- 
stantaneous values of all five response signals simul- 


Wiavs 


7 


Wiis 


ised and 


to obtaim a 


taneously, the signals were put into a recording 
oscillograph 5} This instrument was essentially 

row of 2-in. cathode-ra oscilloscopes facing a 
camera in which 35-mm film was continually ex- 


posed as it moved at a constant speed of about y 


sec. al right angles to the deflection of the spots on 
c tubes \ mis trace Was produced for 
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continue 


The output of a fixed- 
frequency oscillator was connected with one cathode- 
ray tube to provide a time scale. A sample of thi 
record film is shown in figure 5 On the film shown, 
the radiant indicated trace E was 
small that the instrument noise appeared quite larg 
when the signal was amplified in the recorder 

In figure 5 it may be seen that the radiant energ, 
in the five wavelength regions fluctuated with prac- 
tically the same fundamental frequeneyv. For this 
reason, the flicker frequency was analyzed in only 
region, the infrared region, where most of the 
energy was found The potential was 
applied to a General Radio type 762-B Vibration 
Analyzer having a frequeney range 
To facilitate the determination of the average ampli- 
tude for each frequeney, the output of the wave 
analyzer was continuously recorded. The effect of 
flicker frequency on the the infrared 
system was The response 


each of the response signals 


energ\ on so 


one 


response 


25 to 7d0 eps 


of 


response 


radiometric measured, 








, | 
pete 
‘3 ahs, 


constant from | to 50 
to SOS percent at 133 


essentially 
and to diminish smoothly 
eps and 30 percent at 1,700 eps 


was found to be 


Cps 


4.2. 


Burners and Fuels 


The burne! used in most of the work Was an open 
eviinder 6 in. in diameter and in) 
deep, with a water-cooled brass bottom. Liquid fuel 
was introduced through an inlet in the bottom and 
the fuel level maintained automaticalls The 
vapor on the free surface of the liquid fuel mixed 
with the air by natural diffusion as it The 
fuels used in this burner were SO octane gasoline, 
100 130 aviation gasoline, Air Foree Nos. 1010 and 
1100 lubrieating oils, and petroleum base hydraulic 
fluid, Mil Spee 0 5606 \ fan used to 
produce wind speeds up to 20 mph at the 
The areas of these flames projected on a 
surface, as viewed by the receiver estimated 
from 200 to 600 em 


‘> 


stainless-steel 


Wiis 


burned 


50-in was 
burnes 
vertical 
were 
to range 

Sore 


flames were produced in a ram-j 
which premixed the vaporized fuel and ait 
and preheated the mixture or injected liquid fuel 
into preheated air. The fuels were SO octane gasoline 
100,130 aviation gasoline, and JP-4 jet engine fuel 
It was estimated that the projected areas of the jet 
burner flames, as viewed by the 
L.O0O0 to 2.500 em . 


t-t\ pe 
burner 


receiver, ranged 


from 


5. Radiometric Calibration 

The re lative spectral response of each of t} ‘ cells, 
installed in the instrument without a filter 
measured with a double-quartz-prism = speetroradi- 
ometer. The relative spectral response of the instru 
ment with a filter (fig. 3) was found by multiplving 
the relative response of the cell by the transmittance 
of the filter at each wavelength, 

The variation of the response with the irradiance 
at the receiver was measured. The average deviation 
the 


Wiis 


from proportionality over range used was 1.5 





to 3 percent of full seale for the four photom Utiplier 
tubes and 4 percent for the lead sulfide cell, To 
reduce the effect of nonlinearity when the intensities 
of sources were compared, the viewing 
were chosen so the deflections were appronximatel 
the same, 

The quantitative significance of the oscillograp| 
deflections determined by calibration — wit! 
respect to a standardized mereury-vapor lamp, 
Creneral Eleetrice type Hl 100-A4 The 0.365-n line 


clistances 


Wiis 


used to ealibrate the photomultiplies tubes, Was 
isolated with 2 C'orning OSHO filter The O57 N<y 
line, used to ealibrate the lead sulfide cell, was 


isolated with a combination of Cornine 4784 and 
3480 filters 

The intensity of the flame was compared to that 
of an ineandescent lamp, and later the intensity of 
the inean lescent lamp Wis compared to that Ol the 
standard lamp. This indirect procedure was adopte 
because the standard lamp, which emitted energy of 
me wavels neth. would affect only one section of t] 
instrument unless the filters were removed, wher 
the incandescent lamp, with a continuous spectrun 
response in all five with t] 
With the incandescent lamp, eal 


obtains cl on the ose illograp 


produced il sections 
filters im place 
bration traces could be 
for all of the cells quickiy 
filters were removed for the observations (>! 
standard lamp 

As is always the 
metry, no single sensitivity could be assigned for t] 
whole interval covered by a cell without taking inte 


and conveniently Tl 
t? 
abi deed 


enuse it spectrorad 


account the relative spectral radiance of the sour 
the relative 
radiance of the flames Wiis Unknow hn, it Was hecessars 


to be observed Because spectral 
for purposes of calibration, to assume some spectral 
For simplicity. of analysis, the 
radiance was taken to be constant and equal to its 
average value over the wavelength interval involved 
the response, computed wavelength by 


radiance ecury 


In such a ease, 
wavelength, is the same as that computed by 


the uverage SensitiviltVv ove the wavelengil range, 
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using 





or i 


Hpetw 





There! 
calibre 
If t 
respet l 
\oreo 
respol 
ro Tai 
regiol 
merel; 
lengt! 
nvolv 
muoais 


ments © 


] 
t 


The 
1 thre 
and 


were i¢ 


The 


distance 


measured radiant 
HY «* 


c, the used for 
Ol DUPpOses 

flame radiance were actually constant with 
io wavelength, the method would be exact. 
. that if the spectral 
of the receiver is svmmetrical a condition 
approximated in this case in all but one 
the flame radiance need not be constant but 
inearly increasing or decreasing with wave- 
Because diffusion flames, the type usually 


average sensitivity was 


can be shown 


loin accidental fires, emit essentially Col- 
spectra, this method gives results of sufficient 
for fire-detector engmeering \leasure- 


) other types of spectra must be interpreted 
msis of the spectral response Curves fig » 


6. Experimental Results 


6.1. Measured Radiant Intensities 


intensities of several flames. 


wavelength revions, are given in tables 1] 

The tables madiceate that some intensities 

ss than the minimum measurable values 
minimum value depended upon the viewing 


Which Was adjusted to keep the largest 


response Within the range of proportionality 


The flieker amplitude of 


6.2. 


Flicker Frequencies 


each flame was recorded 


for about 20 see at each of a number of frequencies 


petweel 


) 


25 and 750 ¢ ps The average relative 
; 
, r 
| 24 
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amplitudes, observed at Trequencies nm the ral 
where there were appreciable amplitudes, ary 
for two flames im figures 6 and 7 

In many cases the flicker amplitude had a sharp 
maximum at some frequency between 3 and 15 eps 
and in some cases the peak amplitude was 
the average amplitude over the range from 2 


790 eps In the analysis of one flame that fly 

with great regularity, second and third harmor 
were observed see fig ) None of the flames 
observed had appreciable flicker amplitucds 


frequencies above 150 eps, and the jet flames wer 
the only having anv significant part OL the 
distribution above 25 eps The 
the diffusion flames had sharper peaks and highes 
relative maxima than those for the premixed flames 
The most broadly and evenly distributed fheke: 
curves were those for the premixed jet flames, whic 
had maxima only 3 or 4 times the average over a 
LOO-cps band \ wind the burner 
the amplitude and frequeney of flicker of flames on 
the surface of liquid fuels. The principal flicket 
maxima were observed at frequencies between 3 and 
10 eps for flames on liquids and between 5 and 25 
eps for the jet flames 

The ratio of flicker amplitude to the averag 
radiant intensity was determined by measuring the 
root-mean-square value of the alternating component 
and the average direct component of the output of 
the spectroradiometer and taking their ratio. For 
burning liquids, this ratio ranged from 0.25 for a 
casoline fire in a closed room to 0.41 for a hydraulie- 
fluid fire in 20-mph wind. The ratio ranged from 
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0.05 to 0.15 for premixed jet flames and from 0.1 to 
0.3 for the flames resulting from liquid-fuel injection 


6.3. Rate of Increase of Radiant Intensity 


The rate of inerease in the infrared radiant inten- 
sity, just after rnition, Was measured, using diffusion 

gasoline and hydraulic fluid in the 6-in 
burner. Figure 8 tvpical the 
radiant intensity of a gasoline diffusion flame from 
the instant of ignition, together with a 40-cps timing 
trace The first maximum 
after ignition of gasoline fires and about 0.3 see after 
iwnition of hvdraulie-fluid fires. In many 
maxima vradually for a 
seconds, presumably as a result of an increased rate 
the liquid fuel heating 


flames on 


shows a record of 


occurred about O.? see 


cases the 


increased f W 


sSlliCCEeSSTLV ¢ 


ol evaporation. of upon 








i 
| | h 
| i 
} ; 4 } 
, 


value Wiis 


Phbaa Niu 
steady -stute valu 


Cienerally, the first recorded 
about the same as the average 
consequently, the approximate initial rate of increas 
in the radiant Itensitv may be caleulated by divi 
ing the values reported in table 2 by 0.2 in the eas 
of gasoline or 0.3 in the case of hydraulic fluid 

lsing a radiation pvrometer [6} as a receiver, an 
Pyrex, quartz, and fluorite lenses and filters, som 
measurements made in the spectral rec1ons 
extending and G5 gw. Only 
percent of the energy from premixed flames and 
to 50 percent of the Chere, from diffusion flames was 
found inh the region covered by the spectroradiomet 
This kept in mind when considering tl 
data presented here 

The observation that the flicker 
various regions of the spectrum with practically t) 


were 


to 2.5, 3.6. about it 


must be 


occurs mt 


same amplitude ana frequency incieates that fhek 
detectors need not necessarily Operate Mb a restricte 
The ratio of the Mheket amp! 
intensity should be of 
discriminating 


wavelength interval 
tude to the uverage radiant 
the flicker 


value im design of 


3 4 5 
TIME , SECONDS 


iit or fletpree 
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try nformation concerning the amount of 


nerg\ the various parts of the spectrum should 


din designing for discrimmation on the basis of 
sectral distribution. The characteristic rate of in- 


ease i radiant intensity upon ignition of the fires 


audied appears to be a valuable discriminating 


iterion heretofore overlooked 

Altho oh the instrument described was designed, 
ult, ana used to solve a particular problem, its 
pid response and the ease with which the wave- 
ngth regions could be changed suggest the possi- 
itv of its application to other problems. By the 
» of narrow-band filters, the instrument could 
woduce a continuous record ef the mtensity of se- 
eted spectral lines or bands With suitable broad- 
and filters for the visible region, the imstrument 
vuld be used to obtain data on rapidly changing 
Jor phenomena. The ultraviolet sensitivity of the 
strument sugeests possible applications in fluo- 
sence Ineasurements 


Amone those who assisted with 


t? 


Wool k 


were 


.. KF. Mijal, who synthesized the pere| lorate used uy 


the liquid filter, and W. F 


Roeser 


project of which this work was a part 
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Polarographic Determination of Lead and Cadmium in 
Zinc-Base Alloys, Using Electrolytic Separations at 
Controlled Potential 


John K. Taylor and Stanley W. Smith 


\ method is described for the polarographic determination of lead and cadmium in 
zine-base allovs It involves the separation of the metals from the zine by electrolysis at 
controlled potential, using a mercury cathode Fresh electrolyte is substituted for the 
residual soluti and the metals are anodically redissolved from the mereury by controlled 
potential electrolysis and determined by polarographic measurement For lead and cadmium 
contents of a few ten-thousandths of a percent and greater, the determinations can be made 
with the usual precision of polarographic measurements 

l. Introduction porting electrolyte. By proper selection of the poten- 


tial, anv interfering copper can be retained im_ the 
The determination of lead and cadmium in spelter | Mercury anode and subsequently dissolved in a suit- 
od zine-base allovs. in manv cases. is most con- able electrolyte for polarographic determination, 
eniently and accurately performed by polaro- 
sraphic methods Several procedures of this tvpe 2. Experimental Details 
ave been deseribed is = ana i method has been 


commended by the American Society for Testing Pelarographic measurements were made by USI 
\aterials [5] . . a Sargent model XIL photographic-recording polaro- 
All of the published methods are inapplicable when graph and a Sargent model XXI pen-recording instru- 
e copper content of the sample ereatly exceeds ment Klectrolyses al controlled potential were per- 
at of lead and cadmium, because the copper wave formed using the potentiostat deseribed by 
recedes the waves of these metals and imterferes Greenough, Williams, and Taylor (7 | The electrol- 
th their determination Methods have been de- Vsis cell used is shown in figure 1. The cathode 
vribed previously in which copper is made non- consisted of a pool of mercury, and the anode was a 
eduecible by formation of the cyanide complex [4] | ¢vlinder of platinum gauze, A small motor-driven 
rprecipitated as copper acetvlide [5], but these have | stirrer was located at the mercury -solution interface 
ot proved to be entirely satisfactory in the appliea- | to minimize concentration-polarization effects Phe 


on described in this paper 
Even for allows of low copper content, the existing 
vthods have a serious disadvantage when very | | 
small amounts of the metals are to be determined 
this ease, it Is necessary to merenase the SIZC of 
( sample and decrease the final volume of the test | 
lution to obtain greatel concentration of the metals | 
d hence mereased SCHOSITIVITN lt Is obvious that 
concentration of zime salts im the test solution 
ll vary directly with the size of sample and in- 
rsely with the final volume of the solution or 
vamp the concentration of zine salts will be 1.2 [| 
dlar if a 2-¢ sample ts contaimed in 25 mil, but 3 f 
ilar if the final volume is 10 ml. Such large varia- ATHODE 
OWS In the Composition Ot thre supporting electroly te (7 
ave a ¢ msiderable effect on the diffusion-current )) { 
mstants of lead and cadmium t) causing the / 
libration factor to varv with the size of sample ——— \I| 
The difficulties described above can be avoided and — a 


creased sensitivitVv can be obtained by separating 


- metals to be determined from the Zine by elec- : il 


Olysis at controlled potential, using a mercury TO H 
ithode Whea electrolysis Is complete, the elee- 41] Ww ? 
rolvte Thea \ he discarded and the metals rhe be ‘ — J 
modically dissolved in a suitable volume of the sup- : . 
a Figure | C's or electrolysis with mereur, ithade at 
& ere t ” { potentia 








irated-calomel reference electrode used was pro- 
d with an agar plug saturated with potassium 
at the junction tip. This tip was placed 
close to the mercury-pool electrode to minimize 7R 


iol rele 


Corrections 

The cell was provided with a platinum contact 
located as close as possible to the drain stopcock lt 
was thus possible to maintain electrical connection 
until virtually all of the mercury was drained. This 
Is necessary to prevent partial resolution of electro- 
lvzed material during the dramimg The 
capacity of the cell was 50 ml, with a minimum usable 
volume of 20 ml. A polvethyvlene sheet  pro- 
vided with holes for introducing the stirrer and elee- 
a cover to minimize loss of solution 


process 
about 


trodes served as 
by spraving 

Solutions for calibrating the polarographic meas- 
urements were made by dissolving appropriate quan- 
tities of the pure metals. NBS Standard Samples 
ana previously analy zed allows were used to test the 
precision ol the method 

All polarographic measurements were made by 
using comparative methods [6] 


3. Procedure 


The sample ts dissolved in hydrochloric acid with 
the addition of a small amount of nitric acid or 
hvdrogen peroxide, if Hhecessary, to ensure complete 
After boiling the solution to remove 
oxides of nitrogen (Gf present), it is ana 
transferred to the electrolysis cell Approximately 
O.1 g of hvdrazine dihydrochloride Is added to serve 
ws an anodic depolarizer [S The calomel electrode 
is inserted as already described, the potentiostat is 


solution 
cooled 


connected, and = the electrolysis Is performed atoa 
potential of 0.9 vo with the 
saturated calomel electrode This effectively sepa- 
rates the copper, lead, cadmium, and tin from zine, 
which remains in the solution. Upon completion 
of the electroly SIs, the current decreases to a small 
constant value approaching Zero. W hile electroly SIs 
is maintained, the mercury laver is drained from the 
cell and collected in a small clean The 
residual solution is removed and discarded, after 
which the mereury ts returned to the cell and fresh 
electrolyte is introduced This solution contains 
sufficient potassium chloride to make the final 
solution 0.1 N with respect to this salt In addition, 
a few milligrams of hydrazine dihydrochloride are 


cathode respect to 


beaker 


ndded to serve as a depolarizer to prevent the 
deposition of lead on the platinum electrode. The 
electrical connections are made as before but with 


the potential of the mereury electrode regulated to 
anodically dissolve the desired metals. At a poten- 
tial of 0.35 v with respect to the reference clectrode. 
lead and cadmium will be stripped quantitativels 
from the amalgam, and copper will be retained in the 
mereury, 

After electrolysis is complete, the 
removed as deseribed above and Is prepared for 


solution Is 


polarographic examination. The solution is trans- 
ferred to a volumetric flask, sufficient gelatin 
maximum suppressor) is added to make the final 
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constituer 


this 
solution is diluted to volume. 
recorded and evaluated in the usual manner. 

If it is desirable te determine copper, | 


solution 0.01 percent in 


The polar <ramMs ap 
residua 
mercury from above may be returned to the el 
and electrolyzed in a similar manner 
this metal. 
cedure recommended by 
the determination of copper. 

Tin is not reducible in the supporting cleetrolys, 
deseribed above and hence does hot inate rlere Wit] 
the determination of lead. If the tin 
the alloy is of interest, the solution from the fina 
electrolysis THLeh\ be treated according to the methos 
of Lingane [10 For small amounts of tin, howeye; 
it is necessary to increase the size of the samph 
rather than to concentrate the solution from thy 


edissoly, 


Lingane [9] are useful " 


final electroly sis, as tin ts lost by volatilization duriy 


this process 


4. Discussion 


The VECUPACS ana precision of the method are 
illustrated by the results shown in table 1. Thy 
TARBLI | De lermination oOo ead cadn 

1°} ( 
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sumples analyzed, LOS and 94b, are NBS Standan 
Samples and contain the percentages of lead an 
endmium shown. The amounts of copper im 4} 
and LOS were 1.01 and 0.0004 percent, respective 
Additions of large amounts of copper to solutions « 
sample 10S prior to electrolysis were without effe 
On the determined values of lead and cadmium 
The method has been used for the determinatio 
of lead and cadmium in six) zine-base 
allovs to be used as standard samples for spectro 
graphic analy SIs. The lead anal cadmium contents 
ranged from 0.0006 to O.O10 percent, with coppe 
contents up to 1.5 percent. The results obtain 
polarographically are in’ excellent 
those obtained by cooperating laboratories using 
more laborious methods. Hlowever, as the reports 
from all of the cooperating analysts have not be 


die-casting 


agreement Wil 


received, a detailed comparison cannot be made 
this time. 

The accuracy and precision that may be expect 
depend to a large extent on the design of the e 
and on the ability of the operator to make t 
cathode-electrolyte separations quickly and exact 
lt is important in the construction of the cell thi 
the platinum contact wire should come as clos 


and th, 


The supporting electrolyte and pro. 
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» the stopcock, in order that the electric 
complete until nearly all of the cathode 

This prevents all but a very small part 
osited metal from returning to the solution. 


aossible 
reull b 
; drain 
if the cle 


The method described, in comparison to many 
volving preliminary separations, is relatively rapid 
ad requires little attention of the operator. After 
ssolution Of the sample and preparation of the 
ylution, requiring no more than a few minutes, the 
ectrolvses require about | hr for completion. The 


for about ‘ 
hr are required for the determi- 
As no 
is required during the electrolysis, a num- 
terminations can be made concurrently, 


olarograplhite determination accounts 
r, SO that about 1! 
ation of the two metals in a single sample. 
ttentiol 
or of cl 
vided more than one potentiostat is available. 
The size of sample required varies with its compo- 


sition, the capacity of the cell, and the final volume 


fthe solution. In this work, it was convenient to 
wv a final volume of 25 ml. A 1l-g sample was 
lequate for Sample Q4b In the cause of several of 
zine-base die-casting alloys, it was necessary 
yconcentrate the solution after the electrolysis by 
raporation on a steam bath and to adjust the final 
Jume to 10 ml, in order to obtain adequate sensi- 
vitv with a l-g¢ sample. 
It is advisable to limit the depolarizer left in the 
al solution the smallest amount that will 
revent the deposition of lead dioxide on the anode. 
found that when hydrazine dihvdro- 
present about 0.2 percent, the lead 
ave is distorted because of the presence of a maxi- 
m, and the cadmium diffusion-current plateau is 
flat, making measurements diffieult) in 
erange of Lto 10 ve mil of lead and cadmium in the 
al solution. 
The method of electrolysis at controlled potential 
ently has received attention yy 
how established aus an extremely 
The resolution of metal from the 
thode as deseribed 1! 
used 


to 


has been 


to 


precise 


considerable 
alysts and is 
seful tee hnique 
this paper does not appear 
previousl\ It would appear 


have been 
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to have considerable applicability, especially for 
those cases in which the residual solution from an 
electrolysis contains elements that would interfere 
in subsequent analytical operations. It is limited to 
operations with the mereury cathode because elec 
trolytic resolution from a platinum electrode would 
no doubt result in mechanical losses of deposited 
metal. 


5. Summary 


\ method for the determination of small amounts 
of lead and cadmium in zine-base alloys is deseribed. 
A solution of the sample is electrolvzed at controlled 
potential, using a mercury pool cathode. The 
residual solution is replaced by fresh electrolyte and 
the electrode potential is adjusted so that the sepa- 
rated metals are anodically dissolved from the 
mereury electrode, and determined by polarographic 
measurement. This method permits the determina- 
tion of lead and cadmium in these alloys, down to a 


few ten-thousandths of a percent, with the usual 
polarographic precision, 
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